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INTRODUCTION 
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Introduction 
The cytoskeleton of eukaryotic cells is an 
intriguing structure. It consists of three fibrillar 
networks, microtubules, microfilaments and 
intermediate filaments (Tab. I), which can be 
distinguished on the basis of their morphological and 
immunological properties. Whereas for microtubules 
and microfilaments involvement in various processes 
such as cell division, locomotion, cellular polarity, 
anchorage and protoplasmic streaming has been 
demonstrated, the function of intermediate filaments has 
not been elucidated yet. 
Tab. I. Major constituens of the cytoskeleton 
Filament Protein/subunit Diameter in EM 
microtubuli tubulin 25 nm 
intermediate IF-protein 10 nm 
filaments 
micro- actin 5 nm 
filaments 
A considerable number of reviews concerning 
regulation of expression, assembly, interaction of IFs 
with cell structures, expression patterns of IF genes and 
possible functions of IFs have been published previously 
[2, 15, 21, 50, 52-55, 66, 93, 101, 107, 128, 129, 
149, 157, 160-162, 164, 169, 172, 180, 184]. Here we 
shall restrict ourselves mainly to the role of the IF 
domains in filament assembly, and give a short survey 
of the present knowledge of possible IF functions. 
The IF gene family 
The genes of IF proteins are closely related. The 
first IF gene whose structure was analyzed was the one 
encoding hamster vimentin [141]. During the last few 
years the structure and organization of a large number 
of other IF genes (amongst several of non-vertebrate 
origin (compare [93]) have been elucidated [15, 37, 38, 
65, 73, 86, 95, 102, 104, 106, 130, 132, 148, 154, 
161, 183, 188]. Analyses of the gene structure and 
sequence of various IF genes suggested a common 
ancestral origin for all IF types [15, 17, 37, 38, 161]. 
Sequence determination revealed that intermediate 
filaments can be subdivided into six different classes 
which, in the adult organ, are expressed in a tissue-
specific manner [47, 50, 87, 93, 103, 107, 127, 160-
162, 172] (Tab. II). On the other hand, recently a 
number of reports demonstrated that IF expression is 
not always absolutely restricted to specific cell types 
[10, 114, 133, 151, 168, 179]. The expression patterns 
of IFs are useful in cancer diagnosis [94, 120, 127] and 
for studying the complex pattern of gene regulation and 
expression during differentiation and development [1, 8, 
49, 74, 75, 105, 106, 131, 139, 140, 167, 171, 190]. 
Structure of IF proteins 
An overall structural model of IF subunits could be 
derived from the analyses of a large number of different 
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Tab. П. Survey of various IF subunits and their 
cellular origin 
CELL TYPE 
epithelia 
mesenchymal 
and most 
cultured cells 
muscle cells 
nerve cells 
glia cells and 
astrocytes 
neurons 
neurons 
nucleated cells 
neuroepithelial 
stem cells 
IF PROTEIN 
acidic keratins 
basic keratins 
vimentin 
desmin 
peripherin 
GFAP (glial 
fibrillary 
acidic protein) 
neurofilament 
proteins (NF-L, 
NF-M, NF-H) 
a-intemexin 
lamins (lamin A, 
B, C) 
nestin 
TYPE 
I 
II 
III 
III 
III 
III 
IV 
rv 
V 
VI 
MOL. MASS 
40-70k 
54k 
52k 
57k 
53k 
68, 145, 
200k 
66k 
60, 67, 
70k 
200k 
IF protein sequences [2, 15, 161, 164]. IFs consist of a 
central α-helical rod domain of conserved size (310 
residues for types I-IV and VI, 356 residues for type 
V), secondary structure and sequence. The most 
charactenstic feature of the rod domain of IFs is its 
helical conformation which is interrupted in the 
cytoplasmic IFs by short non-helical linkers (Fig. 1). 
The amino-acid residues in the helical regions follow 
the heptad rule, which implies hydrophobic residues at 
positions a and d in these parts of the molecule. Next to 
the conservation of alternating positive and negative 
areas in the helical regions, both ends of the rod 
domain are highly conserved, indicating a crucial role 
in aggregation of IF subunits. The central rod domain is 
flanked by non-helical end domains of variable size, 
sequence and chemical characteristics, although within a 
particular class of intermediate filaments these end 
domains may display considerable homology [30]. The 
differing properties of the IF end domains probably 
play a major role in the functional diversity of IFs. 
Sequence analysis of the cytoplasmic IF end domains 
showed that they can be divided in three subdomains 
[161, 193], namely high homologous regions, variable 
regions (only in type I, II, and IV IFs) and highly 
charged, basic termini. The secondary and higher order 
structure of the IF end domains are still poorly 
understood. Solid state NMR analyses of epidermal 
keratin filaments showed that the glycine-rich end 
domain sequences have little order, and may form 0-
loop like folds. Furthermore this demonstrated that the 
non-helical end domains were highly mobile, whereas 
the peptide backbone formed by α-helices in the rod 
domains was relatively rigid, although some rotational 
freedom was observed [111, 193]. The latter 
observation is in agreement with the suggestion that 
ionic interactions are one of the major components of 
the forces between molecules in filaments, since a small 
degree of dislocation of the rod domains would not 
dramatically interfere with the complementation of the 
negatively and .positively charged zones. 
Intermediate filament assembly 
The basic building blocks of intermediate filaments 
are the monomeric protein subunits. The first step in 
the assembly proces is the formation of a two chained 
coiled-coil molecule. This dimer is stabilized largely by 
hydrophobic interactions between residues at heptad 
positions a and d. The two monomeric chains are 
aligned in parallel and in axial register, which is the 
only way to maximize coiled-coil conformation between 
the conserved α-helices of the two subunits [34, 72, 
161]. 
Keratins are obligate heteropolymers, requiring at 
least one type I and one type II chain for assembly 
[67]. Recently it has been shown that heteropolymers 
are required already at the level of the dimer [32, 68, 
159]. Under some conditions homodimers, which may 
not be competent for 10 nm filament formation, have 
also been described [68, 159]. Next to keratins type IV 
neurofilament (NF) -M or NF-Η chains are unable to 
form homopolymeric filaments, but do copolymerize 
with NF-L to form heteropolymeric IFs [107, 169]. For 
lamins it has not yet been shown whether they can form 
homopolymeric structures, however mixtures of purified 
lamin chains copolymerize in vitro (see [161]). All type 
III subunits as well as NF-L and a-intemexin subunits 
can form homopolymeric structures. Type III as well as 
all three NF and probably also a-intemexin [87] 
subunits are able to copolymerize with homopolymeric 
IFs to form heteropolymers [121] (reviews [107, 161]). 
In contrast, coexpression of peripherin and NFs does 
not result in colocalization of the two structures in vivo 
[133]. For keratins it has been demonstrated that they 
did not copolymerize with type HI IFs [63, 96, 145-
147, 151]. Neither could coassembly be observed 
between cytoplasmic IFs and mutant lamins missing 
their nuclear targeting signal [108]. The exact nature of 
the molecular sorting that occurs during filament 
formation both in vivo and in vitro is not yet fully 
understood. For keratins it has been shown that the 
heterotypic recognition ability and complex formation is 
not restricted to one specific signal sequence but resided 
in at least two different domains distributed over the 
rod domain [68, 112]. Recently, using hybrid IF 
subunits composed of keratin I and vimentin in in vitro 
and in vivo assembly studies, McCormick et al., 1991 
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[115] were able to define the recognition sites for K14 
and vimentin to helices IB and 2B. Furthermore these 
studies indicated that molecular sorting takes place at 
the level of the dimer. 
The next step in the assembly process of 
cytoplasmic IFs is the formation of a four chain 
complex. This tetramer is the smallest stable polymer 
that can exist in solution [54, 57, 83, 142, 143]. The 
structure of the tetramer will determine largely the 
arrangement of molecules within an IF. Various studies 
tried to elucidate the structure of the tetramer [161]. 
Several reports mention desmin or vimentin tetramera 
with lengths which might reflect unstaggered 
arrangement of the dimers [81, 83, 117]. However, 
from these studies it is not clear whether the observed 
structures represent truly unstaggered tetramers or 
merely staggered tetramers with back-folded extensions 
or even dimers. Only recently further evidence has been 
provided for the antiparallel packing of desmin and 
GFAP dimers [138, 144, 165]. Furthermore these 
studies indicated that the dimers were probably 
staggered by approximately 15 nm, and that the N-
terminal parts seemed to be present m the inner 
overlapping region. This arrangement is most likely 
since it implies interactions between regions that are 
highly conserved in IF sub units. The antiparallel, 
staggered arrangement of the tetramer sustains the idea 
that the non-helical N-terminal domain may be involved 
in establishing the stagger through lateral interactions 
during assembly [153]. Taken together the recent 
knowledge of the tetrameric structure, it is likely that it 
consists of antiparallel arranged, staggered dimers. In 
contrast to microtubili and microfilaments, the 
antiparallel conformation of the tetramer would make 
cytoplasmic IFs apolar structures. 
The exact way in which tetramers assemble into 
higher order structures is unclear. Recently a model for 
filament assembly has been proposed in which the 
assembly of tetramers into higher order structures is 
mediated by two different kinds of interaction sites 
[109, 165] (see Fig. 2). The rod domains are thought to 
be involved in lateral interactions, whereas terminal 
sites within both N- and C-terminal non-helical domains 
might be involved in longitudinal head-to-tail 
interactions between tetramers. The nonhelical end 
domains (or parts of it) are thought to protrude from 
the filament backbone where they specify the functions 
of the different IFs [163] and also might be involved in 
the interaction between parallel 10 nm filaments. It has 
been suggested that linear polymers of tetramers 
(protofilaments) associate, eventually through the 
formation of protofibrils (linear polymers of octamers), 
into cytoplasmic IFs [2]. This model in which IF 
structure is thought to be organized by different 
hierarchical levels of subfilaments is consistent with the 
observation of polymorphic IF structures in 
transmission electron microscopic studies with type I-
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HEAD ROD TAIL 
F ig . 1 . schematic representation o f the hamster desmin 
subunit. Black areas in the rod domain represent non-helical 
linkers. 
Ill IF [161]. Furthermore it suggests that stabilization 
of IFs at each level of hierarchy is mediated by 
different interactions between rod domains .and/or non-
helical end domains. 
Recently it has been demonstrated by assembly 
studies with nuclear lamin B2 that the mechanism of 
assembly differs strikingly from that suggested for 
cytoplasmic IFs. Like for cytoplasmic IFs, parallel 
unstaggered dimers are formed. At the second level of 
organization these dimers associate longitudinally to 
form polar head-to-tail polymers. Whereas at the third 
level these polar head-to-tail polymers further associate 
laterally, in a approximate half-staggered fashion, to 
form filamentous structures. It is likely but not yet 
proven that the latter structures consist of antiparallel 
head-to-tail polymers, which would render the resulting 
structures apolar [72]. 
The role of intermediate Filament domains in the 
assembly process 
According to the different hierarchical levels of de 
novo filament assembly described above, different 
levels of assembly or molecular association can be 
distinguished [109]. These are: 1) Protein stabilization, 
2) filament stabilization, 3) network organization. 
Several studies tried to unravel the role of the 
different IF domains in the assembly process. The 
importance of the rod domain in filament assembly has 
already been mentioned in the previous section. 
Furthermore several studies using deleted IF cDNAs 
and genes showed that removal of the highly conserved 
residues at both end domains of the rod caused severe 
alterations in IF structures [3, 4, 24, 29, 33, 62, 98, 
109, 145-147, 176, 189] and changes in nuclear lamina 
networks [71, 108]. In the studies of Hatzfeld and 
Weber, 1991 [70], Heald an Mckeon, 1990 [71], and 
Raats et al., 1991a [146], 1991b [147], it has been 
demonstrated, that single amino acid substitutions of 
residues at internal dimerization sites in the conserved 
carboxy-terminal part of the rod resulted in alterations 
in keratin assembly in vitro, caused gross alterations in 
lamin assembly, and rendered desmin incompetent for 
homopolymeric filament assembly. Furthermore, 
although substitutions of residues involved in higher 
order interactions with the surfaces of other dimers 
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were less sensitive to alterations than those involved in 
dimerization, several substitutions of residues involved 
in the higher order interactions yielded assembly-
negative mutants [71, 146, 147]. Moreover, keratin 
subunits containing substitutions or deletions in the 
conserved carboxytenninal part of the rod could form 
tetrameric structures in vitro and the assembly capacity 
of these mutants was retained under low salt conditions 
in in vitro assembly studies [33, 70]. Above mentioned 
results suggest that the residues at the conserved C-
terminal part of the rod might participate in specific 
interactions between the conserved sequences of 
neighbouring antiparallely oriented tetramere leading to 
filament elongation, which is compatible with the 
assembly model proposed by Stewart et al., 1989 [165], 
(see also Fig. 2). Next to recent studies of McConnick 
et al., 1991 [115], demonstrating that helices IB and 2B 
are involved in the molecular sorting process, 
investigations described above indicate that the major 
role of the rod domain is being played at the level of 
protein stabilization (the formation and stabilization of 
the dimer), but (at least for the carboxytenninal part of 
the rod domain) also seems to be involved in the higher 
order assembly process [2, 161, 164], probably by 
ensuring parallel alignment of the tetramers [109] and 
to enable proper elongation of IFs [70]. 
Not only the central helix but also the non-helical 
end domains are involved in filament assembly. These 
end domains are the major sites of post-synthetic 
modifications such as limited proteolysis [11, 98, 124, 
170, 172, 185], deimination [79], glycosylation [46], 
and phosphorylation, which may influence filament 
assembly and rearrangement. Both in vivo and in vitro 
phosphorylation of type III and V IF causes a reversible 
disassembly of the filaments [25, 28, 35, 45, 72, 78, 
110, 126, 135, 136, 174, 182]. The depolymerization 
of desmin, vimentin [5, 6, 26, 43, 44, 56, 91, 99, 175] 
and GFAP [80] is caused by hyperphosphorylation of 
the aminoterminal domain, whereas in lamín A 
phosphorylation of both end domains plays a role in 
fi lament rearrangement [ 7 1 ] . In vitro 
assembly/disassembly studies with mutant chicken lamin 
B2 proteins demonstrated that phosphorylation of serine 
16, located in the N-terminal end domain, plays a 
crucial role in controlling the depolymerization of lamin 
head-to-tail polymers [136]. In this study no major role 
for the C-terminal phosphorylation sites in lamin 
disassembly could be detected. However, 
phosphorylation of C-terminal residues might be related 
to the control of lateral interactions between head-to-
tail polymers or influence interactions between lamins 
and other proteins such as nuclear membrane or 
chromatin-associated proteins. The end domains of NFs, 
especially the C-terminal domains of NF-Η and NF-M 
are also highly phosphorylated, however the exact 
functional impact is not yet understood [107, 149]. 
Furthermore, it has been reported that, like type III 
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Fig. 2. model for cytoplasmic IF assembly into filaments 
essentially as described by Stewart et al., 1989, and Lu and 
Lane, 1990 [109, 165]. Large arrows indicate the major steps 
in the assembly process wich may take place subsequently 
and/or simultaneously. Small arrows indicate the two types of 
binding sites involved in the assembly process; interaction 
between the helical domains and the terminal domains 
respectively. 
IFs, phosphorylated NF-L subunits cannot assemble but, 
in contrast to type III IFs, NF-L filaments appear to be 
stabilized by phosphorylation [7]. Since in vitro keratin 
disassembly is induced by phosphorylation [191], and in 
vivo phosphorylation of the most peripheral end 
subdomains of both the aminoterminal and 
carboxytenninal domains of type II keratins has been 
demonstrated [158], phosphorylation of type I and II 
IFs may also be involved in the reorganization of IFs in 
epithelial cells [41]. Next to these post-synthetic 
modifications the end domains of type ІП IFs are 
involved in binding to the plasma (aminoterminal 
domains) and nuclear membranes (carboxytenninal 
domains) [22, 36, 48, 58-61, 77, 100]. Essentially the 
same observation has been made for keratins [4]. 
Expression of keratin subunits without C- or N-
terminal regions, resulted in the formation of keratin 
aggregates which were not associated with the nucleus 
or the plasma membrane, respectively. 
In order to elucidate the role of the N-terminal 
domains of IFs a large number of studies has been 
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performed. Fragments of avian desmin corresponding to 
the aminoterminal domain can form dimeric structures 
in vitro, suggesting an additional stabilizing force in 
dimer formation [152]. Other studies with 
aminotenninally deleted type III IF subunits 
demonstrated that, in vitro, these subunits cannot form 
homopolymeric filaments on their own, whereas in the 
presence of intact copolymerizable type III IFs, 
filamentous structures do arise [89, 144, 156, 173]. 
Lamin A and С subunits missing their aminoterminal 
domain displayed altered solubility and aggregation 
properties, indicating a role in lamin assembly of the N-
terminal domain [119] . In vitro E.M. analysis revealed 
that aminotenninally deleted desmin [89], vimentin 
[156], GFAP [144], and lamin A and С [119] retained 
the conformation of the native proteins and formed 
dimers and tetramere, although the tetramer forming 
capacity of the deleted type III IFs seemed to be 
decreased [138]. When expressed in vimentin-containing 
cells, aminotenninally deleted type III and type IV IFs 
still coassembled with endogenous vimentin [24, 62, 
145] and, probably when expressed at high levels, 
severely distorted the endogenous network [62, 145]. 
Moreover, in vivo expression of aminotenninally 
deleted desmin subunits in cells devoid of any 
copolymerizable IFs demonstrated that these subunits 
were incapable of de novo homopolymeric filament 
assembly [145]. The conserved nonapeptide in vimentin 
and desmin, occurring closely behind the initiation 
methionine, is presumably of major importance in the 
assembly process, since deletions and even substitutions 
of the charged residues in this sequence rendered 
desmin subunits incompetent for homopolymeric 
filament formation [145, 147]. For keratins it could not 
be demonstrated whether a heterotypic dimer missing 
both its aminotermini could assemble into filamentous 
structures. However, like type III and IV IF subunits, 
keratins missing their aminoterminal domain 
coassembled in the presence of intact subunits, both in 
vivo and in vitro into normal IF structures [4, 33, 109]. 
The data mentioned above indicate that the 
aminotermini (at least for type III IF) are involved in 
protein stabilization (i.e. dimer stabilization, and/or 
tetramer formation) and are required for the higher 
order polymerization of protofilaments (discussed in the 
previous chapter). Furthermore they seem to play a role 
in the organization of IFs by anchoring them to the 
plasma membrane. 
The role of the carboxyterminal domain in filament 
assembly is not as clear as that of the aminoterminus. A 
number of reports suggested that the carboxyterminal 
domain is neither involved in the in vitro nor in the in 
vivo assembly process [3, 4, 33, 69, 89, 156, 176]. 
The existence of a tailless keratin subunit seems to 
sustain this view [9]. However, in the studies mentioned 
above either parts of the carboxyterminal domain 
remained, or copolymerizable IF subunits were present 
in the assembly experiments. Moreover, under normal 
in vitro polymerization conditions rather short 
filamentous structures were formed which showed an 
increased tendency to aggregate laterally [69, 89, 156], 
albeit normal looking filaments were obtained by 
adjusting the polymerization conditions. Since assembly 
of IFs is easily affected by the concentration of 
subunits, ionic strength, pH, and temperature [27, 164], 
one has to be very cautious in the interpretation of the 
in vitro assembly capacities of mutant IF subunits, and 
to link in vitro assembly studies to in vivo events (see 
also [33, 70]). Further indications for the involvement 
of the carboxyterminal domain in the lateral association 
of type III IFs was obtained by using a synthetic 
peptide comprising the in type III IFs conserved region 
KTIETRDGE, present in the distal part of the Uil 
domain, in in vitro assembly studies [13]. Only recently 
the involvement of desmin and keratin tail domains in 
in vivo filament assembly has been shown. 
Coexpression of tail-truncated keratin subunits in 
keratin-free cells and expression of tail-truncated desmin 
(missing the distal part of their tail domains) in cells 
devoid of any copolymerizable IF subunits, resulted in 
short kinked (for desmin often thick) filamentous 
structures. This implicates that next to lateral 
association, the tail domains are also involved in 
filament elongation [109, 146, 147]. For desmin it has 
been reported that the first 21 residues following the 
rod domain can bind to lamin В [61]. However, 
deletion of this region did not render desmin subunits 
incapable of homopolymeric filament formation in vivo 
[146]. In contrast to desmin, deletion of only a few 
residues of the carboxyterminal region following the 
central rod domain of neurofilament subunits resulted in 
gross disturbances of the resulting heteropolymeric 
filaments [62, 189]. In vitro assembly studies with 
GFAP subunits missing their complete tail domain 
demonstrated that these subunits were incapable of 
homopolymeric filament assembly [144]. Lamin A and 
С subunits missing their carboxyterminal domain 
displayed altered solubility and aggregation properties, 
indicating a role of the carboxyterminus in lamin 
assembly [119]. E.M. analysis of the in vitro formed 
particles showed that dimeric and tetrameric structures 
were present which displayed the same conformation as 
the native protein [119, 144]. Expression of desmin 
subunits missing their complete tail domain in cells 
devoid of copolymerizable IF subunits revealed that 
they were incapable of homopolymeric filament 
assembly, although expression in vimentin containing 
cells resulted in the integration of mutant desmin 
subunits in the endogenous vimentin network [146, 
147]. The findings mentioned above suggest that the tail 
domain of cytoplasmic IFs (at least for type III IFs) can 
actually be divided into two functional domains (see 
also [36]). The proximal part, although not necessary 
for de novo in vivo filament assembly may be involved 
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ш IF-lamin-B interactions, thereby contributing to the 
spatial organization of the IF network in the cell. The 
distal part is probably responsible for the stabilization, 
lateral association and elongation of IFs (discussed ш 
previous chapter). On the other hand, the results 
obtained with deleted desmin and neurofilament subunits 
suggest that the functional aspects of the C-temunal 
domain of cytoplasmic IFs may differ for the different 
types of IFs. For lamins it has been shown that the tail 
domain is involved m the targeting of subunits to the 
nuclear envelope, but also is needed for proper 
assembly of the nuclear lamina since deletions m the C-
temunal domam caused structural changes in the 
nuclear envelope [76, 92, 108]. 
Albeit the varying studies using mutant IF 
expression in vivo gave strong indications concerning 
the role of the different domains of IF in filament 
assembly not all mutant IF subunits have been analyzed 
by E.M. We believe that future in vitro reassembly 
studies with those mutant IF subunits, followed by 
E.M. analysis should be performed. This would 
ascertam that the reported effects on assembly were 
indeed caused by the mutations introduced m the IF 
subunits and not by global changes m conformation 
mtroduced by deletions or substitutions m the IF 
subunits. 
Where does intermediate Filament assembly start 
within the living cell ? 
The question where m vivo intermediate filament 
formation starts within the living cell is still unsolved. 
Interactions of IF with different cell structures have 
been observed [21]. The association of IFs with the 
nuclear and plasma membrane appeared to be involved 
m the assembly process. Vimentin filaments could be 
assembled from m tact nuclei after incubation with 
punned vimentm [181]. Microinjection of biotinylated 
vimentin into BHK-21 cells resulted m spots dispersed 
throughout the cytoplasm, which subsequently clustered 
around the nucleus and eventually gave nse to a 
filamentous network [178]. In vitro binding studies 
usmg isolated desmin and vimentin, and avian 
erythrocyte nuclear membranes, revealed that the 
nuclear binding was localized m the carboxyterminal tail 
domams of desmin and vimentm and that the nuclear 
receptor was lamm В. Recently, by binding to the a-
helical rod domam of vimentm, plectin has also been 
suggested to form an additional or alternative link 
between IFs and the karyoskeleton [48]. The binding of 
vimentm IFs to the plasma membrane is mediated by 
the bmding of the aimnoterminal domain of vimentm to 
ankynn [58, 59, 61]. Furthermore, it seems that lamm 
В promotes filament nucleation by association with the 
tail domain of IF subunits m a cooperative way, 
whereas the binding of ankynn to vimentm prevented 
the formation of typical 10 nm filaments [60]. These 
findings led to the suggestion that a vectonal assembly 
mechanism for IFs might occur, whereby 
polymenzation of IFs would start at the nuclear 
penphery and proceed to the cell surface where 
elongation would be blocked by capping upon bmding 
to ankynn. A similar mechanism was proposed for 
keratins, were desmosomes might act as capping factors 
for keratin IFs [4]. Micromjection or transfection 
studies with different IFs seem to confirm the existence 
of such a vectonal assembly mechanism [4, 16, 23, 40, 
178]. However, a number of other studies demonstrated 
that newly formed IF subumts rapidly integrated at 
vanous sites mto preexisting networks, which suggested 
that initiation of keratin [51, 96, 118], desmin [145], 
and vimentm [125] IF assembly does not necessanly 
occur at the nuclear envelope. This was confirmed by 
the observation that deletion of the lanun В binding site 
of desimn does not interfere with de novo filament 
assembly m vivo [146], and that de novo cytokeratm IF 
assembly can occur in vivo in the absence of nuclear 
structures [113]. Furthermore, after micromjection of 
GFAP or expression of desimn subunits m cells devoid 
of copolymenzable IFs, de novo filament assembly 
started simultaneously at several different sites 
throughout the cell [145, 187]. The expression of both 
desmin and vimentm m cultured hepatocytes of 
transgeme mice, carrying the codmg sequence of 
desmin linked to the promoter region of vimentm, 
resulted m the accumulation of newly formed desmin 
and vimentm pnmanly at the penphery of the cell 
[137]. Moreover, m the studies of Miller et al., 1991 
[118], it has been shown that even within one specific 
cell type the mechanism of IF assembly may differ for 
different types of IFs. Injected keratin subunits readily 
integrated at vanous sites dispersed throughout the 
cytoplasm mto endogenous networks, while injected 
vimentm subumts were rapidly accumulated m a large 
juxta nuclear region, from which they assemble towards 
the penphery to form a normal looking network. In 
vitro assembly studies with keratin [32], desmin [82], 
GFAP [123], and neurofilament subumts [7] provided 
further evidence for the rapid exchange/integration of 
subunits mto preexisting filamentous structures. Taking 
together the data mentioned afore, the following picture 
emerges: Two possible mechamsms of IF assembly 
exist in vivo: a) Vectonal assembly m which IFs grow 
from the nucleus towards the cell membrane; b) A 
mechanism in which exchange and/or integration of IF 
subunits at vanous sites throughout the endogenous 
networks takes place. Which of these mechanisms is 
preferred or most predominant might be dependent on 
both IF and cell type (see also [84]) m which the 
filaments are expressed. The observed changes in 
filament organization dunng mitosis (i.e. [150]), the 
phosphorylation mediated disassembly/reassembly of 
vanous types of IFs (see previous section), as well as 
the results desenbed m this section demonstrate that IFs 
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are dynamic stractures (see also [160]). The dynamic 
properties of IFs indicate that the IF assembly process 
is not merely a linear sequence of the events (described 
in the assembly section and Fig. 2) which leads to 
higher levels of IF assembly, but rather there may be a 
number of associations occurring simultaneously [32]. 
Possible functions of IFs 
Recently several possible functional aspects of IFs 
have extensively been reviewed [93, 157]. In this 
section we will merely give a short impression of the 
various functional aspects imposed on IF structures. 
A number of mammalian cells have been identified 
that lack cytoplasmic IFs (see [134]). The distortion of 
endogenous IF structures in cultured cells did not seem 
to have any effect on growth and division [33, 147]. 
Moreover, distortion of endogenous vimentin and 
keratin IFs did neither affect the initial stages of 
embryogenesis of Xenopus Laevis [29], nor the 
formation of epithelial structures in developing mouse 
embryos [42]. These findings suggest that IFs are not 
crucial for the viability of eucaryotic cells, and even do 
not seem to be involved in early embryogenesis. 
Ectopic expression of desmin and vimentin IFs in 
transgenic mice resulted in animals appearing normal 
[19, 97, 137]. The only effect hitherto described in 
these transgenic mice expressing high levels of desmin 
or vimentin in cells normally expressing vimentin, was 
an aberration in lens cell formation [14, 20, 39]. 
Essentially the same was observed after ectopic 
expression of NF-L under control of the strong murine 
sarcoma virus terminal repeat promoter [122]. High 
level expression of NF-L in several tissues did not lead 
to an overt phenotype, except that expression in lens led 
to cataract formation. In the brains of these animals 
high levels of transgene mRNA were detected, although 
no additional protein accumulated. The latter 
observation suggests a posttranscriptional regulation of 
NF-L expression in this tissue. At any rate the 
transgenic experiments indicate that overexpression and 
abnormal spatial expression patterns of IFs can interfere 
with normal cellular and morphogenetic processes. 
Unfortunately this does not necessarily provide 
information about the normal functions of IFs in their 
proper cellular context. The highly conserved 
homologous IF gene structure, protein sequence, and 
cell type-specific expression patterns (see [74, 75]) 
imply that IFs must perform important functions. It is 
believed that the in vivo interaction of IFs with other 
cell structures [21] contributes to the understanding of 
these functions. For instance, it has been postulated that 
the interaction of cytoplasmic IFs with other 
cytoplasmic components might serve as a cytoskeletal 
scaffold, around which other cytosolic constituents are 
spatially arranged, and which may serve to maintain the 
basic integrity of the cell [85, 88, 93, 166]. IF 
associated proteins (IFAPs) which are involved in 
lateral association, crosslinking, and capping of IFs 
(also a group of IFAPs with unknown function exists) 
might be crucial for several IF functions [18, 31, 161]. 
The association of cytoplasmic IFs with cell-cell 
junctions might act as linkage sites between the filament 
networks of neighboring cells, thereby forming a 
mechanically supracellular system. The binding of 
cytoplasmic IFs to both nuclear and plasma membranes 
might serve as connecting links between these two 
cellular structures and affect chromatin organization 
within the nucleus and thus gene expression. This view 
is sustained by the observations that type III IFs bind to 
nuclear lamin В [59]. Furthermore, it has been shown 
that the nuclear lamins are involved in the formation, 
and in maintaining the integrity, of the nuclear envelope 
as well as in binding to both the nuclear membrane and 
chromatin. In this concept lamin В is thought to be 
responsible for anchoring the nuclear lamina to the 
nuclear membrane, whereas lamins A and С participate 
in the anchoring of chromatin to the nuclear periphery 
[64, 93, 192]. Depletion of lamin LIII from cell free 
extracts of Xenopus eggs indicated that lamin LIII is 
essential for initiating DNA replication and may be 
involved in targeting enzymes to different sites of DNA 
synthesis [116]. In contrast to somatic cells, lamins in 
Xenopus eggs are presumably not required for 
chromatin decondensation or nuclear membrane 
assembly [116]. The binding of the rod domain of 
homopolymeric IFs to core histones as well as the 
observed binding capacity of vimentin (mediated by the 
non-helical aminoterminus) and lamins A and С to 
DNA, might be related to nuclear functions of IFs such 
as gene expression and/or DNA replication and repair 
[93, 155]. This would require the release of these IF 
subunits from the cytoplasmic filaments mediated by 
posttranslational events, to enable them to enter the 
nucleus. However, expression of desmin rod domains, 
which seem to be present in both the nucleus and 
cytoplasmic area, did not interfere with normal cell 
division and growth [146, 147]. In recent studies 
evidence for the involvement of IFs in cellular 
differentiation has been provided. The disruption of 
keratin IFs in primary cultures of hepatocytes by nickel 
treatment affected these cells by prohibiting the 
formation of the bile canaliculi with consequent 
inhibition of secretion. These studies indicate that 
disruption of the endogenous cytokeratin network 
induces altered differentiation of the hepatocytes, 
presumably by inhibition of the intercellular and 
intracellular communication [90]. Further indications for 
the role of intermediate filaments in the differentiation 
process were obtained by using hybrids of human 
epithelial cell lines. It appeared that cell shape and 
morphogenesis may be determined by the profile of 
intermediate filament expression [12]. The use of an 
antisense construct to suppress the expression of GFAP 
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in the U251 human astrocytoma cell line led to the 
inability of the stable transformants to extend processes 
in response to neurons. These data support the 
hypothesis that in specialized (differentiated) astrocytes 
GFAP functions to stabilize complex glial processes 
[186]. Evidence for a functional role of IFs in 
transgenic mice has recently been published. In the 
developing embryo normal K14 expression becomes 
appreciable several days before birth when the 
epidermis stratifies. Expression of a mutant keratin 14 
gene, encoding a subunit missing its 13S C-terminal 
residues, resulted in an apparently identical expression 
pattern as the wild type К14 gene, since the only gross 
alterations in tissue development were those involving 
epithelial stratification. Mutant keratin expression 
severely impaired proper development and maintenance 
of stratified squamous epithelial tissue functions. These 
results demonstrated that stratified squamous epithelial 
tissues in vivo are not able to maintain proper tissue 
architecture when the keratin filament networks of their 
basal cells have been extensively disrupted [177]. 
Moreover, these dominant mutations yielded new 
phenotypes which provided strong clues as to which 
human genetic skin diseases might be candidates for 
natural occurring mutations in keratin S and 14. 
Whether tissue-specific functions as described for 
keratin IFs in vivo are also operative for other IF types 
in different tissues, is an intriguing question and awaits 
further investigation. 
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Abstract. To study the role of the amino-terminal do­
main of the desmin subunit in intermediate filament 
(IF) formation, several deletions in the sequence en­
coding this domain were made. The deleted hamster 
desmin genes were fused to the RSV promoter. Ex­
pression of such constructs in vimentin-free MCF-7 
cells as well as in vimentin-containing HeLa cells, 
resulted in the synthesis of mutant proteins of the ex­
pected size. Single- and double-label immunofluores­
cence assays of transfected cells showed that in the ab­
sence of vimentin, desmin subunits missing amino 
acids 4-13 are still capable of filament formation, al­
though in addition to filaments large numbers of des­
min dots are present. Mutant desmin subunits missing 
larger portions of their amino terminus cannot form 
filaments on their own. It may be concluded that the 
amino-terminal region comprising amino acids 7-17 
contains residues indispensable for desmin fila-
I NTERMEDiATE filaments (IFs),1 along with microtubules and microfilaments, are part of the cytoskeleton of most eukaryotic cells. The different classes of IF subunits are 
expressed in a more or less tissue-specific manner in the 
adult organ (9, 70, 71, 74). Sequence data revealed that IFs 
can be subdivided into six types including the lamins (type 
V) (21, 70) and nestin (type VI) (48). 
All IF proteins share an α-helical "rod" domain of con­
served secondary structure and size. This central rod, which 
is flanked by nonhelical end domains of variable size, se­
quence, and chemical characteristics (9, 21, 23, 24, 48, 70, 
72, 74, 77), comprises ~310 amino acid residues for type 
I to IV as well as type VI, and 356 amino acids for lamins. 
The α-helical rod plays an important role in filament forma­
tion. Albeit several proposals have been made to explain IF 
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University of Limburg, Maastricht, The Netherlands. Address correspon­
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1. Abbreviations used in this paper: IF, intermediate filament. 
ment formation in vivo. Furthermore it was shown that 
the endogenous vimentin IF network in HeLa cells 
masks the effects of mutant desmin on IF assembly. 
Intact and mutant desmin colocalized completely with 
endogenous vimentin in HeLa cells. Surprisingly, in 
these cells endogenous keratin also seemed to colocal-
ize with endogenous vimentin, even if the endogenous 
vimentin filaments were disturbed after expression of 
some of the mutant desmin proteins. In MCF-7 cells 
some overlap between endogenous keratin and intact 
exogenous desmin filaments was also observed, but 
mutant desmin proteins did not affect the keratin IF 
structures. In the absence of vimentin networks 
(MCF-7 cells), the initiation of desmin filament forma­
tion seems to start on the preexisting keratin fila­
ments. However, in the presence of vimentin (HeLa 
cells) a gradual integration of desmin in the preexist­
ing vimentin filaments apparently takes place. 
assembly (1, 9, 70, 72), the exact mechanism of filament for­
mation is not yet fully understood. 
The IF end domains are the major sites of postsynthetic 
modifications such as phosphorylation and limited proteoly­
sis (9, 22, 26, 42, 55, 74). Reassembly experiments with in­
tact and proteoly tically digested IF subunits revealed that the 
amino-terminal domains of desmin and vimentin are in­
volved in in vitro filament formation (30, 41, 75). Next to 
limited proteolysis of the amino-terminal parts of desmin and 
vimentin, phosphorylation of these domains might be an­
other mechanism involved in the regulation of filament rear­
rangement (4, 13, 15, 17-19, 25, 26, 39, 40, 42, 47, 69). Fur­
thermore, it has been suggested that the amino-terminal 
domain is involved in binding of IFs to the plasma membrane 
(29, 31). 
Removal of the last 27 carboxy-terminal amino acids did 
not affect the in vitro filament-forming capacity of the des­
min subunits (41). The existence of a tailless keratin 
(cytokeratin 19) (6) as well as transfection studies with mu­
tant keratin cDNAs (2, 3) and modified desmin genes (37) 
allow the assumption that the tail domain is not an indispens­
able part of IF proteins. On the other hand, the carboxy-
© The Rockefeller University Press, 0021-9525/90/11/1971/15 $2.00 
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terminal domain has also been suggested to be involved in 
binding of IFs to the nuclear lamina (29-31). Since it dis-
plays the highest variability in both length and sequence 
(74), it might also have some subunit-specifìc function. 
To study expression, assembly, and possible function of 
IFs inside the living cell various approaches have already 
been undertaken. For instance IF subunits were expressed 
in tissue culture cells by means of IF mRNA injection (20), 
by transfection with IF cDNAs or genes (2, 3, 16, 32, 33, 37, 
46, 54, 60), and by expressing IF genes in transgenic mice 
(11, 12, 45, 57). Because modifications can easily be 
achieved at the DNA level, transfection of modified cDNAs 
or genes into tissue culture cells is an excellent tool to study 
the role ofthe different IF protein domains in vivo. A number 
of such studies has already been published (2, 3, 37, 46, 51). 
However, we assume that in the transfection experiments de-
scribed previously (2, 3, 37), the effects on filament forma-
tion caused by deletions in the IF subunits were masked by 
the presence of intact endogenous IFs. To avoid this we es-
tablished a vimentin-free in vivo test system for the expres-
sion of intact and mutant desmin genes. In this expression 
system, the mutant desmin subunits form homopolymeric 
IFs. No copolymerization can occur with endogenous IF 
subunits. Our in vivo assembly study with normal and 
amino-terminally deleted desmin subunits shows a number 
of differences with the previous in vivo IF assembly study 
in cells containing intact IFs (3). The use of a vimentin-free 
expression system also allowed us to study the initiation of 
(type III) IF assembly in the absence of preexisting IFs into 
which the newly synthesized subunits can be incorporated. 
Materials and Methods 
Plasmid Construction 
In general, the procedures suggested by Maniatis et al. (52) were followed 
for construction of plasmids and preparation of plasmid DNA. 
The complete hamster desmin gene without 5' regulatory sequences, 
pDes (57) was used for expressing the complete desmin protein in MCF-7 
and HeLa cells and for preparation of the amino-terminal deletion con-
structs of the hamster desmin gene. In this construct 57 bp of 5' and 775 
bp of 3' untranslated sequences, including the poly A signal, are present. 
For the preparation of the amino-temunal deletion constructs of the ham-
ster desmin gene (NAXpRSVDes) listed in Table I, the 0.7-kbp Hpa II-Bam 
HI fragment ofthe hamster desmin gene (60) (from +25 to +737 bp relative 
to the CAP site) was subcloned into an Ace I-Bam HI-digested pUC19 plas-
mid. Excision of DNA fragments with Stu I (+91) and Bal I (+385), or with 
Stu I (+91) and Sma I (+526) resulted, after rehgation of the remaining 
plasmid, in a deletion of 294 (Stu I-Bal I) and 435 bp (Stu I-Sma I) in the 
first exon of the desmin gene. Both plasmids were cleaved with Bam HI 
(+737) and Hind III (pUC19 polylinker). The deletion-containing frag-
ments were ligated in pDes from which the 0.7-kbp Bam HI (+737)-Hind 
III (pUC19 polylinker) fragment was removed This resulted in the plasmids 
NA98pRSVDes and NA145pRSVDes. For the other amino-terminal dele-
tion constructs, a pUC19 plasmid, containing the Hpa II (+25)-Bam HI 
(+737) fragment, was cleaved at the unique Stu I site at position +91. ВаІЗІ 
exonuclease was used to generate deletions of various length in the DNA 
sequence. The plasmids were treated with T4 DNA polymerase to create 
blunt ended DNA cleaved at the unique Bam HI site at position +737. A 
pUC19 plasmid containing the Hpa II (+25)-Bam HI (+737) desmin frag­
ment was cleaved with Stu I (+91)-Bam HI (+737) The Bam HI blunt des­
min fragments were ligated in this plasmid. The resulting plasmids were 
cleaved with Bam HI (+737) and Hind III (pUC19 polylinker) and the 
deletion-containing fragments were ligated in the pDes plasmid from which 
the 07-kbp Hind III (pUC19 polylinker)-Bam HI (+737) fragment was re­
moved. 
The RSV promoter was isolated by linearizing the pRSV-CAT plasmid 
(34) by cleaving it at the unique Nde I site. T4 polymerase was used to create 
blunt-ended DNA. Hind III linken were ligated to this plasmid. The RSV 
promoter was excised with Hind Ш. This resulted in a 0.58-kbp Hind 
UI-Hind III fragment which was ligated in the 5'-3' orientation in the Hind 
III (pUC19 polyhnker) site of all desmin deletion constructs. The resulting 
constructs contain some additional base pairs from the pUC19 polylinker 
between the Hind Ш and Ace I sites. The DNA constructs were transformed 
into bacterial strain Escherichia coli HB101 or JM109. 
All DNA preparations to be used in transfection experiments were 
purified on two successive CsCl gradients. 
To determine which deletion constructs were in the proper reading frame 
for desmin protein expression, plasmid DNA from each deletion clone was 
isolated and sequenced using the double-stranded sequencing protocol de­
scribed by Chen and Seeberg (14, 35). 
Cell Culture 
MCF-7 cells (50, 53, 67) were maintained in Eagle's modified MEM 
(EMEM; Flow Laboratories, Maclean, VA) supplemented with 10% FCS 
(Gibco Laboratories, Grand Island, NY) and 6 ng/ml insulin (bovine). 
HeLa cells were cultivated in DMEM (Gibco Laboratories) supplemented 
with 10% FCS. Stably transfected cell lines of MCF-7 and HeLa cells were 
maintained in EMEM supplemented with 10% FCS, 6 ng/ml insulin, and 
300 fig/ml Geneticin (G418; Gibco Laboratories), and in DMEM sup­
plemented with 10% FCS and 300 μg/ml G418, respectively. 
DNA Transfections 
Cells were transfected by the calcium phosphate precipitation method, es­
sentially as described by Wigler et al. (78). Cells were plates in 100- or 35-
mm culture dishes (Costar Corp., Boston, MA) 24-48 h before transfection 
and grown in DMEM supplemented with 10% FCS. Transfections were ear­
ned out on cell cultures that had reached ~40% confluency. 20 /ig/100 mm 
or 5 /ig/35 mm plasmid DNA was added to each culture dish as a calcium 
phosphate precipitate, 20 min later 5 ml/100 mm or 2 ml/35 mm culture 
medium containing 5 /ig/ml chloroquine (Sigma Chemical Co., St. Louis, 
MO) was added. After 5 h of incubation the cells were glycerol shocked 
for 2.5 min, and incubated in normal growth medium for 48 h. Thereafter 
immunofluorescence assays, immunoprecipitation, and Western blotting 
procedures were performed. For preparation of stably transfected cell lines, 
cells were plated in 100-mm dishes and cotransfected with 1 μ% pSV-neo 
(68) and 19 /ig of a construct. 24 h after transfection the cells were brought 
under G418 selection (300 /ig/ml). After ±14 d, colonies of stable transfor­
mants were transferred to 96-microwell dishes with a sterile pipette tip. Af­
ter wells reached confluency, these cells were analyzed for desmin expres­
sion by indirect immunostaimng and Western blotting. 
Antibodies and Indirect Immunofluorescence Assay 
Single- and double-label indirect immunofluorescence staining procedures 
were performed on cultured cells as described previously (45). We used the 
Table I. Deletion Mutants of Hamster Desmin 
Construct 
pRSVDes 
ΝΔ3 
ΝΔ10 
ΝΔ13 
ΝΔ60 
ΝΔ91 
ΝΔ94 
ΝΔ98 
ΝΔ125 
ΝΔ145 
Size of 
deletion 
None 
3 AA 
10 AA 
13 AA 
60 AA 
91 AA 
94 AA 
98 AA 
125 AA 
145 AA 
Number of 
amino acids 
deleted 
None 
AA5-7· 
AA4-13 
AA 5-17* 
AA 4-63 
AA4-94 
AA 4-97 
AA 4-101 
AA 4-128 
AA 4-148 
The deletion constructions are named NAXpRSVDes (ΝΔΧ) where N stands 
for amino-terminal deletion, whereas ΔΧ indicates the number of amino acids 
removed as a result of the deletions made in the hamster desmin gene. AA, 
amino acids. 
* After ligation A A 5 of desmin is restored. 
t Amino acid substitutions caused by ligation. 
31 
following polyclonal and monoclonal antibodies (a) A polyclonal rabbit an­
tibody (poly-des) to chicken gizzard muscle desmin (65), (b) the mAb 
RD301 to chicken desmin (60), (c) the affinity-purified polyclonal antibody 
(poly-vim) to bovine lens vimentin (64), (</) the mAb RV202 to bovine lens 
vimentin (66), (e) the affinity-purified polyclonal antibody (poly-ker) to hu­
man skin keratins (64), and (ƒ) the mAbs RCK102 to human keratins 5 and 
8 (10), RCK106 (66), CK 18-2 (10), and RGE 53 (63), all three to keratin 
18, and RCK105 to keratin 7 (66) 
One-dimensional PAGE and Western Blotting 
The preparation of cytoskeletal extracts of cultured cells as well as one-
dimensional SDS-gel electrophoresis and immunoblotting procedures have 
been described previously (10) Western blots were incubated either with 
the mAb RD301 to desmin, followed by 125I-labeled goat anti-mouse anti­
body, or with the polyclonal rabbit antibody (poly-des) to desmin, followed 
by a swine anti-rabbit antibody, and subsequently with l25I-labeled Staphy­
lococcus aureus protein A The radiolabeled bands were visualized by auto­
radiography 
Cell Labeling, Extraction, and Immunoprecipitation 
of IF Proteins 
For cell labeling, tissue culture cells were grown in 100-mm dishes in 6 ml 
of methionme-free EMEM for 2 h Thereafter, 200 μ & [35S]melhionme 
(>1,000 Ci/mmol sp act, Amersham Corp , Arlington Heights, IL) and 0 36 
ml dialyzed FCS (final concentration 6%) was added After a 24-h incuba­
tion at 37 0C the cells were rinsed three times with PBS Cells were har­
vested by scraping with a cell lifter (Costar Corp ) in PBS and pelleting 
IF proteins were isolated as described previously (8) In all solutions 
1 mM of the protease inhibitor PMSF was included 
Radiolabeled IF proteins were obtained selectively by immunoprecipita­
tion with specific monoclonal and polyclonal antibodies as described (8) 
An aliquot containing 5 x 106 cpm of the [35S]methionine-labeled cell ex­
tract was used for each precipitation A volume containing 2,000 cpm of 
the precipitate was used for gel analysis After separation the gels were 
fluorographed, dried, and exposed to Kodak X-Omat AR-5 film (Eastman 
Kodak Co , Rochester, NY) 
Results 
Selection of the Desmin Expression System 
The hamster desmin gene and modifications thereof can be 
expressed after transfer into different types of nonmuscle 
cells (37, 57, 60). To study desmin filament formation in 
vivo, vimentin-containing cells have previously been trans­
fected with different types of desmin deletion constructs 
(37). Since desmin and vimentin can form heteropolymers 
in vivo (62,73), it could not be excluded that the endogenous 
vimentin compensates for the effects caused by deletions in 
the desmin gene. To avoid this, desmin filament formation 
was studied in cells lacking vimentin. The human breast ade­
nocarcinoma epithelial cell line MCF-7 we used for our 
transfection studies does express keratins 7, 8, and 18, but 
neither desmin nor vimentin (38, 53). The effect of endoge­
nous vimentin on mutant desmin assembly was determined 
by transfection of mutant desmin genes into HeLa cells, a hu­
man epithelial cell line expressing both vimentin and kera­
tins 7, 8, 17, and 18 but no desmin (53). 
Both the hamster desmin promoter (unpublished results) 
as well as the hamster vimentin promoter (38) show little or 
no activity in MCF-7 cells. For this reason we replaced the 
5' upstream region of the hamster desmin gene by the 0.58-
kbp promoter fragment (34), yielding the pRSVDes plasmid 
(Fig. 1 A). The RSV promoter is capable of directing high 
level expression of different types of constructs in both MCF-7 
and HeLa cells (unpublished results). To test whether ex-
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Figure 1 (A) Schematic representation of the expression vectors for 
hamster desmin (pRSVDes) and mutations thereof ( N A X p R S V D e s 
[ Ν Δ Χ ] ) N indicates amino terminal deletion, whereas Δ Χ indi­
cates the number of amino acids (AA) deleted as a result ot the 
modifications made in the hamster desmin gene RSV indicates that 
the desmin gene and mutations thereof are under control of the RSV 
promoter, ^ н , p U C 1 9 , • . RSV sequence, D , noncoding area 
RSV promoter, И , deleted area of desmin exon 1, —, noncoding 
sequences; •, desmin exons H, Hind Ш, 5, Stu I, B, Bal I; 5m, 
Sma I, S a , Bam HI, E, E c o RI 1, relative to the CAP-site of RSV, 
2 , relative to the CAP-site of the desmin gene (B) Schematic rep­
resentation of deleted desmin subunits All deletion constructs con­
tain A A 1-4 The size of each deletion is indicated by vertical 
arrows. 
pression of pRSVDes resulted in desmin filament formation 
in MCF-7 and HeLa cells, both cell types were transfected 
with this construct. In a typical transient transfection assay 
±30% of the HeLa cells and ±15% of the MCF-7 cells 
reacted positively with desmin antibodies 48 h after transfec­
tion. The desmin filament network in MCF-7 cells showed 
no morphological abnormalities and was similar to that of 
HeLa cells transfected with pRSVdes (compare Figs. 3 a and 
4 a) or with the complete hamster desmin gene (not shown) 
(37, 60). 
Construction of Mutant Desmin Genes 
Various mutant genes were constructed by removing se­
quences of the hamster desmin gene encoding the amino-
terminal region of the protein (Materials and Methods, Fig. 
1, and Table I). In all deletion constructs the original desmin 
ATG start codon, as well as the surrounding region starting 
from +25 up to +91 bp relative to the CAP site were re­
tained. Therefore, in all amino-terminal deletion constructs 
the first three amino acids of desmin are maintained. 
Expression of the deletion constructs NAXpRSVDes 
32 
^ о S? ^ ^ ^ ^ ^ О 
хО 
А 
^ 
А ^ 
^ ^ ^ 
84 k D -
Vim \ 
Des -
47 kD 
33 k D -
^ <^ ^ 
Q* <?V <Γ 
чв" ^ çf ^ 
<r <? <Γ 
- 8 4 kD 
- 4 7 kD 
- 3 3 kD 
- 2 4 kD 
чв' 
^W*o / V X с 
Vim 
Des 
V 
A 
- 8 4 kD 
47 kD 
• 3 3 k D 
^ ^ 
Figure 2. {A ) Immunoprecipitation of mutant desmin proteins ex­
pressed in MCF-7 cells with a polyclonal antibody against desmin 
(pDes) revealed that all mutant desmin genes were expressed 
properly and of the expected size. Bands corresponding to the mu­
tant desmins are pointed out by an arrowhead. Mutant genes trans-
fected are indicated as ΝΔΧ (see Fig. 1 and Table I). Immunopre­
cipitation of cytoskeletal proteins from BHK-21 cells with 
polyclonal antibodies against desmin (pDes) and vimentin (pVim) 
were used as markers for vimentin (Kim) and desmin (Dei). Immu­
noprecipitation of nontransfected MCF-7 cells with a polyclonal an­
tibody against keratin (pKer) {A and B, lane C; pKer) indicated that 
additional proteins precipitated with poly-des might be keratins. 
(ß) Immunoprecipitations of cell extracts of transfected and non-
transfected MCF-7 cells with polyclonal antibodies against vimen-
tin {pVim), showed that in both transfected as well as nontransfected 
cells, vimentin could not be demonstrated. 
should result in amino-terminally deleted desmin subunits from 
which 3-145 amino-terminal residues are missing (Fig. I ß ) . 
Expression of Mutant Desmin 
MCF-7 cells were transfected with the different deletion con-
structs, labeled with [35S]methionine, and analyzed for mu-
tant desmin protein expression 48 h after transfection. IF 
proteins were isolated and immunoprecipitated with poly-
clonal antibodies directed against desmin (poly-des), vimentin 
(poly-vim), and keratins (poly-ker). Immunoprecipitation of 
the mutant desmin proteins with poly-des demonstrated that 
all mutant genes were expressed properly and that the mu-
tant IF proteins were of the expected size (Fig. 2 A). In addi-
tion to the mutant desmin bands four other protein bands 
were observed in each sample. These bands were also de-
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Table II. Indirect Immunofluorescence 
Desmin Staining Patterns Observed in 
Transiently Transfected Vimentin-free MCF-7and 
Vimentin-containing HeLa Cells 
Transfected Immunofluorescence pattern Immunofluorescence pattern 
constructs in transfected MCF-7 in transfected HeLa* 
ΝΔ3 
ΝΔ10 
ΝΔ13 
ΝΔ60 
ΝΔ91 
ΝΔ94 
ΝΔ98 
ΝΔ125 
ΝΔ145 
F 
F, Do 
Do, Di 
Di 
Di 
Di 
Di 
Di 
Di 
F 
F, Do 
F, Do, Di 
F, Di 
F, Di 
F, Di 
F, Di 
F, Di 
F, Di 
F, filamentous staining pattern; Do, dotted staining pattern; Di, diffuse staining 
pattern. 
* Staining pattern depends on expression level of mutant desmin. If expression 
level was low, most cells showed intact desmin filaments; if the expression lev­
el was high, most cells showed staining patterns identical to those seen in 
MCF-7 cells. 
tected in nontransfected MCF-7 cells (Fig. 2 B, lane C; 
pDes). Immunoprecipitation of transfected and nontrans­
fected MCF-7 cells with poly-ker indicated that these bands 
probably represent endogenous keratins (Fig. 2 B, compare 
lanes C;pVim,pDes, anàpKer). MCF-7 cells are completely 
devoid of vimentin, as demonstrated by the absence of vi-
mentin after immunoprecipitation with poly-vim, both be-
fore and after transfection (Fig. 2 B). 
The mutant desmin genes were also expressed properly af-
ter transfection into HeLa cells, as demonstrated by Western 
blotting with polyclonal antibodies against vimentin and des-
min (results not shown). 
The Effect of Amino-Terminal Deletions on the 
Filament-forming Capacity of Desmin in MCF-7 Cells 
Transient transfection of the amino-terminal desmin deletion 
constructs into MCF-7 cells resulted in four, morphologi-
cally distinct immunofluorescence patterns after staining 
with poly-des (Table II and Fig. 3). Expression of pRSVDes 
and the deletion construct ΝΔ3 yielded normal filamentous 
desmin staining patterns (Fig. 3 a). Expression of the dele­
tion construct ΝΔ10 resulted in a deviating picture. In addi­
tion to desmin filaments, in nearly all transfected cells small 
fluorescent desmin dots were seen (Fig. 3 b). While in some 
cells the dotted pattern was most pronounced, others showed 
a predominantly filamentous feature. The filaments were 
mainly observed in the nuclear area, whereas the dots 
seemed to be situated more closely to the plasma membrane. 
Upon transfection of the deletion construct ΝΔ13 no normal 
desmin filaments were observed. The transfected cells dis­
played a diffuse cytoplasmic staining together with strongly 
fluorescent dots (Fig. 3 c). These dots were not seen in close 
proximity of the nucleus. In few transfected cells, hazy 
filamentous structures were observed together with the 
diffuse cytoplasmic and dotted staining pattern. Although af­
ter transfection of ΝΔ10 and ΝΔ13, the observed desmin dots 
did not show any particular interaction with the nuclear 
envelope, very large dots often clustered around the nucleus. 
To ensure that these dots were not caused by overexpression 
of the mutant desmin proteins, MCF-7 cells were transfected 
with smaller quantities of the respective constructs (2-200 
times less than described in Materials and Methods). The to­
tal amount of DNA used to transfect cells was kept constant 
by adding pUC plasmid DNA. These experiments showed 
that the dots were not caused by overexpression, since they 
remained at each concentration, although they became very 
small when lower amounts of the construct were transfected. 
Expression of the deletion constructs ΝΔ60 to ΝΔ145 did 
not result in the formation of desmin filaments. Only a 
diffuse cytoplasmic staining reaction was seen in these 
MCF-7 cells (Fig. 3 d). 
The Effect of Amino-Terminal Deletions on the 
Filament-forming Capacity of Desmin in HeLa Cells 
The effects of amino-terminal deletions on filament forma­
tion in HeLa cells were much less pronounced as compared 
with the effect seen in MCF-7 cells (Table II and Fig. 4). 
Transfection of the mutant desmin genes generally yielded 
normal filaments (not shown). However, for each construct, 
at least some transfected HeLa cells displayed desmin pat­
terns, similar to those observed in MCF-7 cells (Fig. 4, 
α-d). Transfection of smaller quantities of construct DNA 
into HeLa cells (200 times less than described in Materials 
and Methods), resulted in intact desmin filaments only. Pre­
sumably, only when mutant desmins are expressed at high 
levels, IF formation is disturbed and the staining patterns are 
similar to those observed in transfected MCF-7 cells. 
Interaction of Intact and Mutant Desmin with the 
Endogenous Keratin Network in MCF-7 Cells 
Double immunofluorescence labeling of transiently trans­
fected MCF-7 cells revealed that the endogenous keratin fila­
ments are morphologically different from the exogenous des­
min networks formed by intact desmin subunits (Fig. 5, a and 
b), although in some areas of the cell colocalization of both 
filament systems could be observed. 
Transfection of all deletion constructs on MCF-7 cells 
resulted in desmin staining patterns as described above. 
Double and single labeling with keratin antibodies revealed 
that the keratin filament organization was never affected by 
the mutant desmin proteins (Fig. 5, b, d,f, and h). The des­
min dots, seen after transfection of ΝΔ10 and ΝΔ13 were 
situated in the dam of the keratin network (Fig. 5, c-f). 
Interaction of Intact and Mutant Desmin with 
Endogenous Keratin and Vimentin Filaments in 
HeLa Cells 
After expression of intact desmin subunits double im­
munofluorescence staining showed that the newly synthe­
sized desmin did colocalize completely with the endogenous 
vimentin filaments (see also references 37, 57, 60). More­
over, after expression of the different desmin constructs, 
vimentin staining patterns were identical to those of desmin, 
even if desmin filament formation was disturbed (Fig. 6, c, 
d, g, h, к, and /). These results strongly suggest that in HeLa 
cells vimentin and desmin form heteropolymers. 
Unexpectedly in HeLa cells the exogenous desmin fila­
ments, formed by intact desmin subunits, colocalized nearly 
completely with the pre-existing endogenous keratin filaments 
Figure 3. Single-label indirect immunofluorescence assay of MCF-7 cells transfected with (a) pRSVDes, (b) ΝΔ10, (c) ΝΔ13, (d) ΝΔ145, 
and incubated with a polyclonal antibody against desmin (poly-des). Abnormal desmin staining patterns already occur after deletion of 
10 amino-terminal residues. Bars, 10 μιη. 
(Fig. 6, a and b). In contrast to MCF-7 cells, a certain num­
ber of cells transfected with ΝΔ10 or ΝΔ13 and displaying 
the desmin dots as described above, showed the same pattern 
after staining with five different keratin antibodies (Fig. 6, e 
and/). Expression of the other deletion constructs did not 
affect endogenous keratin filament networks (Fig. 6, / andj). 
Initiation of Desmin Filament Formation in 
MCF-7 Cells 
To study the initiation site of intact desmin subunits in the 
absence of vimentin filaments, MCF-7 cells were transfected 
with pRSVDes. At subsequent time intervals after transfec-
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Figure 4. Single-label indirect immunofluorescence assay of HeLa cells transfected with (a) pRSVDes, (b) ΝΔ10, (c) ΝΔ13, {d) ΝΔ124, 
and incubated with a polyclonal antibody against desmin {poly-des). Staining patterns identical to those observed in MCF-7 cells are present 
in HeLa cells expressing high levels of mutant desmin. Bars, 10 μνη. 
tion (7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 18, 24, 48, 72, and 
173 h) cells were analyzed by the indirect immunofluores­
cence assay with the polyclonal desmin antiserum. In con­
trast to previous "testtube" observations (29), desmin fila­
ment formation in MCF-7 cells did not start at the nuclear 
envelope. Desmin filament formation appeared to initiate in 
the cytoplasmic area. Some transfected cells displayed a dot­
ted staining pattern at the beginning of the time course (Fig. 
7 a). The dots developed into short tiny desmin filaments 
randomly situated throughout the cytoplasm (Fig. 7, b and 
c). These rodlike structures then elongated and formed an 
extensive IF structure (Fig. Ί d).To study this phenomenon 
in more detail, MCF-7 cells were stably transfected with 
pRSVDes and lines expressing low levels of desmin were 
selected. Double labeling immunofluorescence with keratin 
and desmin antibodies suggested that the scarce desmin fila­
ment structures partially colocalized with the endogenous 
keratin filament network (Fig. 8). Therefore, at least in 
MCF-7 cells, desmin filament formation seems to start on 
the endogenous keratin filament network rather than on initi­
ation sites at the nuclear or plasma membrane. In MCF-7 
cells the initial process following transfection was reversed 
late (173 h) after transfection. Intact filaments were reduced 
to tiny, short, rodlike structures spread throughout the 
cytoplasm (Fig. 9, a and c). Remarkably, in some cells the 
rodlike structures appeared to cluster at the cell membrane 
(Fig. 9, a and b). 
Discussion 
A variety of studies has already been devoted to the elucida­
tion of the role of the nonhelical IF end domains in filament 
formation. For instance amino-terminally deleted keratin 
subunits incorporated into the preexisting keratin network 
without disturbing it (3). On the other hand, previous in vitro 
reassembly studies with desmin subunits missing 67 amino-
terminal residues showed that these subunits, incapable of 
filament formation on their own, could form normal desmin 
filaments when mixed with wild-type desmin subunit (41). 
The mechanism of IF assembly might be different for keratin 
and type III IF subunit. However, we do suspect that in the 
in vivo reassociation study with mutant keratin cDNAs, the 
presence of intact endogenous keratin subunits may mask the 
effects of deletions in the nonhelical end domains on filament 
formation. Our vimentin-free expression system eliminates 
this problem. No IF subunits, capable of copolymerization 
with mutant desmin subunits, are present in the MCF-7 cells. 
As the amino-terminal part of the IF subunit seems to be of 
major importance in regulating filament rearrangements (9, 
13, 15, 17-19, 22, 26, 30, 40-42, 47, 55, 69, 74, 75), we 
chose to study the effects of deletions in this domain on fila­
ment formation. All our desmin constructs were expressed 
properly in MCF-7 and HeLa cells after transient transfec-
tion. Since IFs are expressed in a tissue-specific manner, it 
might be possible that control mechanisms for desmin as­
sembly operative in muscle cells are not present in epithelial 
MCF-7 cells. However, considering the impossibility of study­
ing homopolymeric desmin assembly in vimentin-containing 
muscle cells together with the fact that normal desmin fila­
ments were formed when the nonmodified gene (pRSVDes) 
was expressed in MCF-7 and HeLa cells, we believe that our 
study contributes to the understanding of type III IF assem­
bly in vivo. 
The Amino-Terminal Domain of Desmin 
Is Indispensable for Filament Formation 
In Vivo 
In both vimentin and desmin a highly conserved nonapeptide 
SSYRRXFGG (X being isoleucine or methionine in vimen-
tin, and threonine in desmin) is present closely behind the 
initiation methionine (position 1) (36,49,58,60). This nona­
peptide contains a phosphorylation site for protein kinase С 
at position 13 of desmin (42). In construct ΝΔ10 amino acid 
residues 4-13 are removed, including the two serine residues 
at positions 12 and 13, the tyrosine at position 14 is sub­
stituted for aspartic acid. Transfection of this construct in 
MCF-7 cells resulted already in abnormal desmin organiza­
tion. The observed staining pattern suggests that these mu­
tant subunits are still capable of assembling into filaments 
but probably lost the capability to bind to the plasma mem­
brane, presumably via interaction with ankyrin which is sup-
posed to serve as a natural capping factor (27, 28, 31). The 
lack of capping, which probably blocks IF elongation, might 
cause curling of the desmin filaments at their amino-terminal 
ends resulting in the dotted staining pattern. Whether the 
disturbed staining pattern is caused by removal of the phos-
body against keratin (RCK106) (b, d,f, and h). Weak immunofluo-
rescent dots visible in d and ƒ are caused by the very strong fluores­
cent desmin dots. Single labeling with mono-ker never showed 
dotted keratin staining patterns similar to those observed for desmin. 
Note intact keratin filaments in all transfected cells. Bars, 10 μπι 
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Figure 6. Double-label indirect immunofluorescence assay of HeLa cells transfected with pRSVDes (a-d), ΝΔ10 (e-h), ΝΔ145 (i-l), and 
incubated with a polyclonal antibody against desmin (poly-des) (a, c, e, g, i, and k), an mAb against keratin (RCK102) (b,f, and7) and 
an mAb against vimentin (RV202) (d, h, and /). Note complete colocalization of desmin and vimentin staining. Large colocalizing areas 
are also present for desmin and keratin staining in cells transfected with pRSVDes and ΝΔ10. In cells transfected with ΝΔ145, no colocaliza­
tion of desmin and keratin patterns is observed. Bars, 10 μτη. 
phorylation site or merely by disturbance of the conserved 
sequence is not yet clear. Removal of amino acids 5-17 
(ΝΔ13) including the residues SSYRRT from the nonapep-
tide causes the loss of filament forming capacity of the mu­
tant subunit. These data indicate that this conserved se­
quence is involved in filament formation in vivo. The 
presence of desmin dots after expression of ΝΔ13 revealed 
that the mutant subunits retain the possibility to interact with 
other cellular components (probably the endogenous keratin 
filaments). Whether the remaining residues of the nonapep-
tide (FGG) are involved in this interaction or other residues 
situated between position 17 and 63 is not yet understood. 
Expression of desmin constructs containing larger deletions 
than ΝΔ13 (ΝΔ60-ΝΔ145, Table I) resulted in desmin 
subunits incapable of forming desmin filaments or dots. The 
diffuse cytoplasmic staining observed, indicates that these 
mutant subunits remained in the soluble phase. 
Intact Vimentin Subunits Capable of 
Copolymerization with Mutant Desmin Subunits 
Mask the Effect of Mutations on IF Formation 
All cells transfected with the mutant desmin constructs, dis-
38 
Figure 7. Single-label indirect immunofluorescence assay of MCF-7 cells transfected with pRSVDes, and incubated with a polyclonal anti­
body against desmin {poly-des). Cells were fixed (a) 16, {h and c) 48, and (d) 12 h after transfection. Note that initiation of desmin filament 
formation starts in the cytoplasmic area Bars, 10 μιη. 
Figure 8. Double-label indirect immunofluorescence assay of MCF-7 cells stably transfected with pRSVDes and expressing only low levels 
of desmin. Cells are stained with a polyclonal antibody against desmin (poly-des) (а, c, and e) and a monoclonal antibody against keratin 
(RCK102) (b, d, and/). Note large colocalizing areas of desmin and keratin staining, especially when desmin filaments are scarce. Bars, 
10 ^m. 
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Figure 9. Single- and double-label indirect Immunofluorescence assay of MCF-7 cells transfected with pRSVDes. Cells were fixed and 
stained with a polyclonal antibody against desmin (poly-des) (a-c) and an mAb against keratin (RCKJ06) id) 173 h after transfection. 
Note short, cytoplasmic filamentous desmin structures which show large areas of colocalization with keratin filaments. Some transfected 
cells showed a clustering of the rodlike desmin structures near the plasma membrane at late times after transfection. Bars, 10 μηι. 
played identical desmin and vimentin staining patterns, 
confirming that desmin and vimentin form heteropolymers 
in transfected HeLa cells (62). In most transfected HeLa 
cells expression of the mutant desmin subunits resulted in 
normal filamentous desmin staining, although for all mutant 
desmin subunits, patterns identical to those observed in 
MCF-7 cells were seen in a number of cells. Most likely, 
only a high ratio of mutant desmin subunits in the des-
min/vimentin heteropolymers resulted in the distorted des­
min (and vimentin) patterns identical to those seen in MCF-7 
cells. This view is sustained by preliminary results obtained 
with stably transfected HeLa cells expressing various 
amounts of mutant desmin. Comparison of the results ob­
tained by the in vivo assembly study with amino terminally 
deleted keratin subunits (3) and our data revealed a number 
of differences. Desmin subunits missing as little as amino 
acid residues 5-17 were, when expressed at high levels in 
HeLa cells, already capable of disrupting the preexisting 
vimentin network. Only deletions in the α-helical domain of 
keratin subunits affected filament morphology. Furthermore, 
expression of desmin subunits missing amino terminal 
residues 4-64 (ΝΔ60) showed the same desmin staining pat­
tern as observed after expression of desmin subunits missing 
their complete amino-terminal domain in addition to coil IB 
(ΝΔ145, Fig. 1 5 ) . These differences might be caused by 
different assembly mechanisms of keratin and type III IF 
subunits. However, we do suspect that the endogenous kera­
tin network present in cells used for transfection of mutant 
keratin cDNAs (3) is largely responsible for the discrepancy. 
Effect of Mutant Desmin on Other IF Networks 
In MCF-7 cells expression of mutant desmin never affected 
endogenous keratin networks. However, in some areas of the 
41 
cell intact desmin filaments seemed to colocalize with kera­
tin filaments 
In HeLa cells only expression of ΝΔ10 and ΝΔ13 did affect 
endogenous keratin filaments Preliminary results with stably 
transfected HeLa cells expressing various levels of mutant 
desmin reveal that keratin IF are only affected at high mutant 
desrmn expression, indicating that the desmin region between 
ammo acid residues 17 and 64 is necessary for interaction 
Whether the effect of mutant desmin on keratin filaments is 
mediated by endogenous vimentin, or represents an interac­
tion between desmin and a particular keratin type not present 
in MCF-7 cells, or is caused by an IF associated protein, re­
mains unsolved In HeLa cells intact desmin/vimentin and 
keratm filaments seemed to colocalize completely Although 
rather seldom, colocahzation of vimentin and keratin fila­
ments has been reported previously (7, 43, 44) 
In MCF-7 Cells the Initiation of Desmin 
Filament Assembly Does Not Take Place at the 
Nuclear Envelope 
Our experiments, as well as preliminary results obtained 
with MCF-7 cells stably transfected with pRSVDes and ex­
pressing only low levels of intact desmin, revealed that des­
min filament assembly in MCF-7 cells does not start at the 
nuclear envelope as suggested previously for vimentin (29, 
74) In contrast, the initiation of desmin filament assembly 
seemed to occur in the cytoplasm Hence we may conclude 
that in MCF-7 cells no vectorial assembly of desmin fila­
ments takes place. Moreover we noticed that the desmin and 
preexisting keratm networks seemed to colocalize largely 
when desmin filaments were scarce However, abundant des­
min filaments, showed a different distribution as compared 
to the endogenous keratin networks, although some overlap 
was still observed. 
As vimentin and desmin are closely related (58-61), the 
mechanism of filament assembly was expected to be alike for 
both subumts However, neither cytoplasmic rodlike struc­
tures as observed in MCF-7 cells, nor a nuclear IF cap as 
described for injected vimentin in BHK-21 cells (76) were 
observed upon desmin expression in HeLa cells Only a 
gradual increase of desmin fluorescence intensity, which 
colocahzed completely with the preexisting vimentin fila­
ments, was seen This is in agreement with the recent obser­
vation that chicken vimentin does incorporate in preexisting 
mouse vimentm filaments at assembly sites on the vimentin 
network (56) However, no discontinuous localization of des­
min on the preexisting vimentin filaments at early times after 
transfection was observed Uniform distribution of newly 
formed IF subumts within preexisting filaments has been 
reported for NF-L subumts too (5) 
Conclusions 
When searching for the function of IF domains in in vivo fila­
ment formation by means of transfection studies with modi­
fied genes, it is necessary to avoid cell systems in which in­
tact IF subumts capable of copolymenzation with mutant 
subumts are present Our in vivo studies are in line with the 
m vitro finding that tetramers containing less than four mutant 
subumts with intact rod domains are still capable of normal 
filament formation (41), thereby masking the effects caused 
by mutant IF subumts By using vimentin-ftee MCF-7 cells 
to express the various desmin constructs, we were able to 
localize the ammo-terminal region necessary for desmin fila­
ment formation in vivo at amino acid residues 7-17 Most 
likely the conserved nonapeptidc SSYRRTFGG present m 
desmin at position 12-20 is involved in desmin filament for­
mation in vivo In MCF-7 cells desmin filament assembly 
starts in the cytoplasmic area, probably on endogenous kera­
tin filaments In HeLa cells newly formed desmin filaments 
incorporate uniformly into the preexisting vimentin fila­
ments In both cell types no initiation at the nuclear mem­
brane was observed Further studies with stably transfected 
cells hopefully will reveal more details about certain features 
of the mutant IF subumts, such as protein stability, solubility, 
and the interaction with other cellular components 
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Intermediate filaments — desmm — assembly — vimentin-free cells 
Using a vimentin-free expression system we were able to demonstrate 
that the carboxy terminus of desmin is necessary for filament assem­
bly in the living cell. Desmin subunits missing only 4 carboxy-termi-
nal residues of their rod domain are incapable of homopolymeric fil­
ament assembly. Moreover, even single amino acid substitutions in 
the conserved carboxy-terminal part of the rod domain prevent des­
min subunits from homopolymeric filament assembly. Desmin sub-
units missing 18 or more carboxy-terminal residues of their rod do­
main (including the complete conserved carboxy-terminal region) are 
unstable in cells devoid of intact type III intermediate filaments 
(IFs). Interaction with an intact type III IF, however, stabilizes these 
mutated desmin subunits. Expression of a desmin subunit missing 
both its non-helical end domains in vimentm-containing cells disrupts 
the endogenous vimentin network completely. 
Introduction 
The cytoskeleton of most eukaryotic cells consists of inter­
mediate filaments (IFs) along with microtubules and mi­
crofilaments Analysis of sequence data revealed that IFs 
can be subdivided into six different types which are ex­
pressed in a more or less tissue-specific manner in the 
adult organ [11, 70, 72, 74] 
All IF proteins share the same basic structure They con­
sist of an α-helical rod domain of conserved secondary 
structure and size, flanked by non-helical end domains of 
variable length, sequence and chemical characteristics [11, 
24, 44, 48, 71, 72] The rod domain plays an important role 
in filament formation Although the exact mechanism for 
filament formation is not yet fully understood, several pro­
posals have been made to explain IF assembly [1, 18, 32, 
68, 69, 72, 73] 
Next to the rod the non-helical end domains of IFs are 
also involved in filament assembly They are the major 
sites of postsynthetic modifications such as limited proteo­
lysis [9, 53, 74, 81], deimination [38], glycosylation [23], and 
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phosphorylation In vivo and in vitro phosphorylation of 
both type III and type V IFs causes a reversible disassem 
bly [14, 21, 37, 55, 77, 80] Depolymenzation of desmin, 
vimentin [4, 15, 20, 26, 43, 47, 76], and glial fibrillary acidic 
protein (GFAP) [39] is caused by hyperphosphorylation of 
the ammo-terminal domain, whereas in lamín A phosphor-
ylation of both the amino-terminal and carboxy-terminal 
domain is involved in filament rearrangement [34] Reas-
sembly studies with intact and proteolytically digested IF 
subunits demonstrated that the amino-terminal domains of 
vimentin, desmin, and GFAP are necessary for in vitro fil-
ament formation [42, 59, 64, 66, 75] Transfection studies 
with mutant IF genes and cDNAs showed that also within 
the living cell the amino-terminal domains of IF subunits 
are needed for normal filament assembly [31, 51, 60, 78, 
83] For hamster desmin it was shown that the amino-ter-
minal residues 7 to 17 are indispensable for in vivo homo-
polymeric filament formation [60] Moreover, the amino-
terminal domains of desmin and vimentin seem to be in-
volved in binding to the plasma membrane [27-29] 
The carboxy-terminal domain displays the highest vari-
ability both m length and sequence [74] and might have a 
subunit-specific function This domain is probably in-
volved in binding of IFs to the nuclear lamina [28-30] Pre-
viously a vectorial assembly mechanism for IFs was pro-
posed [30]. Since in several studies no vectorial assembly of 
keratin [45], vimentm [54], desmin [40, 60], and neurofila-
ment protein [5] could be observed, the assembly mecha-
nism may well vary for different IFs In different cell types 
varying assembly mechanisms are apparently operative 
[41]. In contrast to the amino-terminal domain, the non-
helical tail domain did not seem to be required for in vitro 
filament assembly [17, 33, 42, 66] Under normal polymeri-
zation conditions, filaments formed from tail-truncated 
desmin, vimentin and keratin subunits were shorter in 
length [33, 66] and showed a tendency to form lateral ag-
gregates [42,66] Also in vivo, the carboxy-terminal tail did 
not seem necessary for integration into preexisting fil-
aments [2, 3, 17, 78]. The occurrence of a tailless keratin 19 
subunit [7] also points in this direction The first indica-
tions of involvement of the C-terminal domain in filament 
assembly were published only recently [10, 31, 51, 59, 83] 
Transfection of mutant IF genes and cDNAs into tissue 
culture cells has proven to be a useful tool to study IF as-
sembly and the function of IF domains (112, 17, 31, 34, 36, 
51, 54, 60, 83 ; for a review, see [44]). Recently, we demon-
strated that the presence of copolymerizable vimentin sub-
units masks the effects of deletions in the desmin subunits 
on filament formation [60]. In previous in vivo studies with 
carboxy-terminally deleted IFs, either intact copolymeriza-
ble IF subunits were present [2, 17, 31, 78, 83] or parts of 
the carboxy-terminal domains remained [51]. We used a vi-
mentin-free in vivo expression system [60] to express mu-
tant desmin genes and cDNAs resulting in desmin sub-
units missing varying portions of their carboxy terminus. 
The data obtained allowed to answer the question whether 
or not the carboxy-terminal domain is involved in in vivo 
type III IF assembly. Moreover, our studies indicated 
which regions of the C-terminus are involved in the assem-
bly process To study the effect of deleted desmin subunits 
on preexisting vimentin filaments, vimentin-containing 
HeLa cells were used to express the mutant desmin 
c D N A s and genes. 
Materials and methods 
Plasmid construction 
In general, the procedures described by Sambrook et al [65] were 
followed for construction of plasmids and preparation of plasmid 
DNA 
The complete hamster desmin gene without 5' regulatory se-
quences, pDes [56, 60] was used for expression of the complete 
desmin protein in MCF-7 and HeLa cells and for preparation of 
the deletion constructs of the hamster desmin gene (Fig. la) 
The carboxy-terminal deletion construct of the hamster desmin 
gene (CÂSSpRSVDes) was prepared from the pDes3 plasmid de-
scribed by van den Heuvel et al [78] This plasmid contains a 7 4 
kbp EcoRI-EcoRl hamster desmin fragment containing the 5' re-
gion of the desmin gene and exons I to 6 fused to a 3 4 kbp 
Hincll-Hincll hamster vimentin fragment containing exon 9, the 
polyadenylation signal and 2 6 kbp of 3' flanking sequences After 
proper splicing this results in a stop codon at the beginning of 
exon 9 of the hamster vimentin gene [78] pDes3 was cleaved with 
BamHI The 6 6 kbp BamHI-BamHI fragment containing exon 2 
to 6 of hamster desmin as well as exon 9 and the polyadenylation 
signal of vimentin was ligated in the 5' to 3' orientation in a BamHI-
cleaved pUCI9 vector containing the Hpall ( + 25)-BamHI ( + 737) 
desmin fragment 
For preparation of the carboxy-terminal and ammo-terminal 
deletion construct of the desmin gene (NA91CA55pRSVDes) we 
used the carboxy-terminally deleted CA55pRSVDes and the ami-
no-termmally deleted NA91pRSVDes [60] constructs Exchange of 
the Hindlll (pUC19 polylinker)-SalI ( + 606) fragment of 
CA55pRSVDes for the Hindlll (pUC19 polylinker)-Sall ( + 606) 
fragment of NA9lpRSVDes resulted in a desmin construct from 
which the regions encoding the carboxy- and ammo-terminal do-
mains have been deleted 
For construction of the other carboxy-terminal deletion con-
structs the hamster desmin cDNA was used The complete hamster 
desmin cDNA was generated by ligation of the Pst I Sail fragment 
(position + 25 to + 606) of the hamster desmin gene [58] in a Psll-
Sall-cleaved pUC19 plasmid This plasmid was digested with Sail· 
Smal and used to lígate the Sall-Smal fragment (position +606 to 
+ 1438) of pDesl [57] After digestion of the resulting plasmid with 
Smal and insertion of the Smal-Fspl fragment (position + 1438 to 
+ 2237) derived from pDes4 [57], the hamster cDNA was com-
pleted 
For the preparation of the carboxy-terminal deletion constructs 
(CAXpRSVcDes), the pUC19 plasmid containing the complete 
cDNA was cleaved at the unique Bell site at position +1420 
ВаІЗІ exonuclease was used to generate deletions of various length 
in the cDNA sequence (Fig. lb) The plasmids were treated with 
T4 DNA polymerase to create blunt-ended DNA and cleaved at 
the unique Sail site at position +606 A pGEM-3Zf( + ) (Promega, 
Madison, WI/USA) plasmid containing the complete desmin 
cDNA (as a Hindlll-EcoRI fragment) was cleaved with Bell, 
treated with T4 DNA polymerase to create blunt-ended DNA and 
cleaved at the unique Sail site at position +606 The deleted Sail-
blunt-ended desmin fragments were ligated in this plasmid Single-
stranded phagemids were generated for sequence analysis using 
the Mn-K.07 helper phage (Promega) 
Site-directed mutagenesis was used to introduce stop codons in 
the region encoding the C-termmal domain and base pair substitu­
tions in the region encoding the conserved carboxy-terminal end 
of the rod domain of desmin (Fig Ic) The Hindlll-EcoRI frag­
ment containing the complete desmin cDNA was cloned into a 
Hindlll-EcoRI-cleaved M,,-mpl9 phage Single-stranded uracil 
containing phage DNA was obtained after transformation in Es­
cherichia coli CJ236 strain Mutation containing oligonucleotides 
were used to introduce stopcodons or base pair substitutions in the 
desmin cDNA according to the mutagene in vitro mutagenesis kit 
(Bio-Rad Laboratones, Utrecht/The Netherlands) Mutated 
phages were selected by transformation in wildtype E coli 
MVI190 All oligonucleotides used are listed in Table I 
Intron 8 of the hamster desmin gene was introduced into the 
cDNA constructs by excision of the deletion/mutation containing 
Smal-Smal fragments of the mutated cDNA constructs The 
pUC19 vector containing the complete desmin gene was cleaved 
with Smal The resulting vector containing the 5' part of exon I, 
the 3' part of exon 8, as well as intron 8, exon 9, and the 3' non-
coding region of the desmin gene was used to lígate the mutation 
containing Smal-Smal cDNA fragments This resulted in pUC19 
vectors containing wildtype or mutated cDNAs 
(CAXpRSVcDes1"", CstopXpRSVcDes·"", CsubXpRSVcDes""') 
including intron 8 of the desmin gene (Fig lb) 
In all constructs 57 bp of 5' untranslated sequences are present 
In the desmin gene as well as the cDNA-intron-8 constructs 775 
bp, and in the cDNA constructs and 750 bp of 3' untranslated se-
quences including the "poly A" signal are present 
The RSV promoter was isolated as desenbed previously [60] 
This resulted in a 0 58 kbp Hindlll-Hindlll fragment which was 
ligated in the 5' to 3' orientation in the Hindlll (pUC19 polyhnk-
er) site of all desmin constructs The resulting constructs contain 
some additional base pairs from the pUCI9 polylinker between 
the Hindlll and Acci sites 
DNA constructs were transformed into bacterial strain E coll 
JM109 All DNA preparations used in transfection experiments 
were purified on two successive CsCl gradients 
Tab. I. List of oligonucleotides used for site-directed mutagene-
sis 
AA substituted Oligonucleotide sequence 
AA41S I - Stop 
AA 448 К - Stop 
AA 394 К - Ρ 
AA 400 E - К 
AA 405 R -~ f 
' GGATGGGAAGGTTTTACCGGCTCTCCTCG' 
'TCTCGATGGTCTAGATCATCACCGT' 
6
 CCAAGGCCATCGGCACATTGAGCA1 
»TGGCAATCTTCACATCCAA1 
6AGCAGCTTGGGGTAGGTGGJ 
Underlined nucleotides indicate substitutions 
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To determine which deletion constructs were in the proper read­
ing frame for desmin protein expression and to check whether the 
mutations were introduced correctly, plasmid DNA of each mu­
tated clone was isolated and sequenced using the double or single-
stranded KiloBase Sequencing System (Bethesda Research Labo-
rdtones Life Technologies, Ine , Gaithersburg, MD/USA) 
Cell culture and DNA transfections 
Tissue culture of MCF-7 [49, 52, 67] and HeLa cells as well as 
transfection of these cells by the calcium phosphate precipitation 
method, was carried out as described previously [60, 82] 
Am/bodies, indirect immunofluorescence assay, and Western 
blotting 
Western blotting procedures were carried out as reported earlier 
[13, 60] Protein bands were visualized using biotinylated rabbit 
anti-mouse or donkey anti-rabbit antibodies (Sigma Chemical 
Company, St Louis, MO/USA) After incubation with polyclonal 
and monoclonal antibodies blots were incubated for 2 h at room 
temperature with biotinylated second antibodies diluted I 2000 in 
phosphate buffered saline/0 05% Tween 20 (PBS/T) After wash­
ing (3 χ 10 mm) with PBS/T and one washing with alkaline phos­
phatase (AP) buffer (100 mM Tris-HCl,pH 9 5, П О т м NaCl and 
5 mM MgCU), blots were incubated for 2 h at room temperature 
with AP-conjugated avidm (Sigma) diluted I 8000 in AP buffer 
After 3 washes with AP buffer, blots were exposed to freshly pre­
pared AP substrate (66 μΙ nitro blue tetrazolium, (Sigma), 50 mg/ 
ml in 70% dimethylformamide) and 33 μΙ 5-bromo-4-chloro-3-in-
doxyl phosphate (50 mg/ml in dimethylformamide) diluted in 10 
ml AP buffer The staining reaction was stopped using 20 mM 
EDTA in PBS 
Immunofluorescence staining procedures were performed on 
cultured cells as described previously [46] We used the following 
polyclonal and monoclonal antibodies I) A polyclonal rabbit an­
tibody (poly-des) to chicken gizzard muscle desmin [62], 2) the af­
finity-purified polyclonal antibody (poly-vim) to bovine lens vi-
mentin [61], 3) the monoclonal antibody RD301 to chicken desmin 
[58], 4) the monoclonal antibody RV202 to bovine lens vimentin 
[63], 5) the affinity-purified polyclonal antibody (poly-ker) to hu­
man skin keratins [61], and 6) the monoclonal antibodies RCK106 
[63] to keratin 18, and RCK103 [79] to human keratins 
Cell labeling, extracjion and immunoprecipitation of IF proteins 
Cell labeling of tissue culture cells and isolation of IF proteins 
were performed as described previously [8, 60] [55S]Methionine-
labeled total cell extract was obtained by growing cells in 3 5 cm 
(diameter) dishes in 1 5 ml methiomne-free Eagle's minimal essen­
tial medium (EM EM) containing 6% dialyzed fetal calf serum 
(PCS) for 1 h, 24 h after transfection Thereafter, 30 μ α [35S]me-
thionine ( > 1000 Ci/mmol specific activity, Amersham Nederland 
В V, Houten/The Netherlands) was added After 24 h incubation, 
37 5 μΙ lysis buffer (20 т м Tns, 1 т м phenylmethylsulfonyl fluo­
ride, 2% sodium dodecyl sulfate, SDS, 10 mM dithioerythntol) was 
added to each dish This resulted in lysis of labeled cells The 
[3SS]methionine-labeled cell extract was transferred to an Eppen-
dorf tube, boiled for 10 mm and centnfuged for 10 min to pellet all 
insoluble material The supernatant was transferred to another Ep-
pendorf tube, supplemented with 1 425 ml RIPA-buffer without 
SDS [8], and centnfuged for 10 mm in an Eppendorf centrifuge to 
remove insoluble material The resulting supernatant was used for 
immunoprecipitation of radiolabeled IF proteins 
Radiolabeled IF proteins were obtained selectively by immuno­
precipitation with specific polyclonal antibodies as described [8, 
60] An aliquot containing 5 ж 106 up to 50 χ 10" cpm of the 
["SJmethionine-labeled cell extract was used for each precipita­
tion The precipitates were analyzed on one-dimensional ^"o 
SDS Polyacrylamide gels After separation, the gels were fluoro-
graphed, dried and exposed to Kodak X-OMAT AR-5 film 
Northern blot analvsis 
Cells were washed twice with PBS and harvested with a cell lifter 
48 h after transfection Total cellular RNA was isolated from cul­
tured cells by the LiCI-urea method [6] For Northern blotting, 20 
μg RNA samples were fractionated on a I 5° o formamide gel and 
transferred to Hybond-N (Amersham Nederland В V ) Hybridiza 
tion was performed as desenbed [16] A 1 8 kbp Hindlll-Kpnl des 
min fragment derived from the pUC19 plasmid containing the 
complete desmin cDNA (Fig lb) was used as a desmin probe A 
mixture of PStI fragments derived from pViml [19] was used as a 
vimentin probe As an aclin probe we used the 1 25 kbp hamster 
actin cDNA fragment [19) which hybridizes to α , β-, and γ actin 
Probes were radiolabeled using the random prime method de 
scribed by Femberg and Vogelstem [22] 
Results 
The desmin expresston svstem and preparation of desmin 
deletion mutants 
Previously we demonstrated that the hamster desmin gene 
and modifications thereof, under control of the RSV pro­
moter, can be expressed in non-muscle cells [60] Further­
more, we showed that only in cells devoid of intact copoly-
menzable IFs the effects of deletions in I F subunits on fil­
ament assembly can be studied properly [60] MCF-7 cells 
which contain keratins 7 [35], 8, 18, and 19 [52] but no vi-
tnentin proved to be an excellent test system for in vivo 
assembly studies with mutant desmin subunits [60] In or­
der to study the in vivo assembly properties of carboxy-
terminally deleted desmin subunits we made a number of 
appropriate constructs (Figs 1,2) The introduction of de-
Fig. 1. Schematic representation of the expression vectors for the 
hamster desmin gene (a) and cDNA (b, c) and mutations thereof 
CAXpRSVDes, NAXCAXpRSVDes, CAXpRSVcDes' '"', 
CsubXpRSVcDes'''", CstopXpRSVcDes"" (short СДХ, 
NAXCAX, CAXc,,8), CsubXc"8', CstopXc"»') - N indicates ami-
no-terminal deletion, С indicates carboxy-terminal deletion, while 
ΔΧ, subX, and stopX indicate the number of amino acids (AA) 
deleted, substituted (sub) or the amino acid replaced by a stop co-
don (stop) as a result of the modifications made in the hamster 
desmin gene pRSV indicates that the desmin constructs are under 
control of the RSV promoter Des indicates that the construct is 
denved from the desmin gene, and cDes indicates that the con­
struct is denved from the desmin cDNA Constructs containing in­
tron 8 of desmin are marked i8 — ^ н pUC19 — • RSV se­
quence — I I Noncoding area RSV promoter — Eüä Deleted 
area of desmin — — Noncoding sequences — H Desmin ex-
ons — ^ Vimentin exons. —Be Bell — Η Hindlll — S StuI — 
В Ball - Sm Smal - Ba BamHI - E EcoRI - К Kpnl - 1 Re­
lative to the Cap-site of RSV — 2 Relative to the CAP-site of des­
min 
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letions and mutations in the desmin c D N A is less time-
consuming than the construction of modified desmin 
genes. Therefore, the hamster desmin c D N A (constructed 
as described in Materials and methods) was placed under 
control of the RSV promoter (pRSVcDes) (Fig. lb) and 
transfected into vimentin-free MCF-7 and HeLa cells. The 
latter contain both vimentin and keratins 7, 8, 17, and 18 
pRSVDes 
pUC19 RSV 
5' H HS BSm 
ТАТА-Ьоі, 
DESMIN 
• • mi І Ч І 
. * I . ІІШІ VI VII Vili 
Sm 3 ' 
+40'.----+25* 
CASSpRSVDes 
- · 
I IIІШ V VI к 
№ 9 1 C A 5 5 p R S V D e s 
• Eisa 
ι IIIIIIVV vi n 
pRSVcDes 
pUC19 RSV DESHINcDNA 
H H S В Sm Bc Sm ) 
ТАТА-ЬоіJ • ' 
+ 4 0 1 . ' " * . + 2 5 г 
CÄXpRSVcDes 
CÄXpRSVcDes( •β) 
DESMIN 
CslopXDesmin 
415 aa 446 aa 
^ ' CsubXDesmin \ 
- " \ 
-- " \ 
^ t c α с \ 
[ l j taf l l ( | c c llg gaL glg gag all gcc ace lac cgc aag ctg d g gag ggc gag gag age egg 
Val Ljs Mel Ala Leu Asp Val Glu Ile Ala Thr Tyr Arg Lys Leu Leu Clu Cly Glu Glu Ser Arg 
Pro Lys Pro 
С αο 394 aa 400 aa 405 
but no desmin [52]. In a typical transient transfection assay 
1 to 10% of the HeLa and MCF-7 cells, transfected with 
the pRSVcDes construct, reacted positively with desmin 
antibodies 48 h after transfection. However, compared to 
MCF-7 cells transfected with pRSVDes [60], filaments 
formed after expression of pRSVcDes (Fig. 3a) were gener­
ally less extensive, and transfection efficiencies were low­
er. Moreover, in a number of MCF-7 cells transfected with 
pRSVcDes filaments seemed to gather at the plasma mem­
brane. Desmin filaments in HeLa cells showed no morpho­
logical abnormalities (Figs. 3c, e). To increase protein ex­
pression and transfection efficiency [65], we introduced in­
tron 8 of desmin into the desmin c D N A sequence 
(pRSVcDes'8) (Fig. lb). Immunoprecipitation with poly­
clonal antibodies against desmin of cells transfected with 
pRSVcDes and pRSVcDes" 8 1 indeed showed that expres­
sion of c D N A constructs containing intron 8 resulted in a 
2 to 10-fold increase of desmin protein as compared to ex­
pression of cDNA constructs devoid of this intron (Fig. 
4a). After transfection with pRSVcDes' 8, the number of 
cells staining positively with polyclonal desmin antibodies 
increased, compared to cells transfected with pRSVcDes. 
The mutant desmin genes and c D N A s were constructed 
by removal, substitution or introduction of sequences in 
the region encoding the amino-terminal and/or carboxy-
terminal parts of hamster desmin (for detailed description 
see Materials and methods and Figs. 1,2). All constructs 
used for transfection studies are listed in Table II. 
DESMIN 
CffiDesmin 
\ 
446 aa ι 
ü§§ 1 ¡ i ізэ 
CAáSDesmm 15 aa 469 aa 
94 aa №91CA55De9mm 415 aa 469 aa 
HEAD ROD 
414 aa 4 
TAIL 
Fig. 2. Schematic representation of deleted desmin subunits. The 
size of each deletion is indicated by vertical arrows 
51 
Tab. II. Deletion constructs of hamster desmm 
Construct 
pRSVcDes1" 
СДЭс 
Сй\Лс 
СДІвс"
1 
сдэгс""
1 
ГЛ.1ВС"1 
СДБОс' •' 
СЛ61с 
СДвБс 
СДбЭс 
СЛУІс"
1 
CstopMec1" 
CstopllSc1·1 
CASS 
МД91СД55 
СзиЬЗЭ^с'"
1 
CsubíOOc 'i 
CsubAOSc1" 
Number of AA deleted or substituted 
None 
AA 438 to 446 
AA 433 to 449 
AA 429 to 44β 
AA 415 to 446 
А А 4 П to 446 
AA 397 to 446 
AA 386 to 446 
AA 382 to 446 
AA 37B to 446 
AA 376 to 446 (AA 375 H - 0 ) * 
AA 446 to 489 
AA 415 to 469 
AA 415 to 469 
AA 415 to 469 and AA 4 to 94 
AA 394 К - Ρ 
AA 400 E - К 
AA 405 R - Ρ 
The deletion constructs are named CAXpRSVDes CAXpRSVcDes " 
CsubXpRSVcDes " and CstopXpRSVcDes1" (short СЛХ СДХс " CsubCx"1 
and CstopXc1") where С stands for carboxy terminal deletion or substitution 
whereas X indicates the number of amino acids deleted (Δ) substituted (sub) or 
replaced by a stop codon (stop) Des means that these constructs are derived 
from the desmm gene whereas cOes indicates that these constructs are derived 
from the desmm cDNA — AA Amino acids — * Amino acid substitution caused 
by ligation — *' These constructs contain intron 8 of the desmm gene 
Expression of mutant desmm 
MCF-7 and HeLd cells were transfected with the different 
deletion constructs, labeled with [ l S]methionine and ana­
lyzed for mutant desmin expression 48 h after transfection 
Isolated IF protein fractions and total cell extracts were 
used for immunoprecipitation with polyclonal antibodies 
directed against desmin (pDes), vimentin (pVim) and cyto-
keratms (pKer) The precipitates were analyzed on 12% 
SDS-polyacrylamide gels (Figs 4b d) Immunoprecipita­
tion of the mutant desmin proteins with pDes demon­
strated that the mutant genes were expressed properly Ex­
pression of the gene constructs generally resulted in larger 
quantities of mutant subumts as compared to the expres­
sion of the cDNA constructs (Fig 4b, lanes СЛ55 and 
NA91CA5Î) In both the isolated IF fraction (not shown) 
as well as in the total cell extract of MCF-7 cells trans-
lected with СД50с to СЛ7ІС, only minor amounts of de­
leted desmin subumts could be detected as compared to 
desmin subumts missing smaller portions of their rod do­
main (Fig 4c) When total cell extracts of HeLa cells trans-
lected with СД50с to СД71с were used for immunoprecipi-
Fig 3. Double label indirect immunofluorescence assay of 
MCF-7 (• b) and HeLa cells (c-f) transfected vmh pRSVcDes'4' 
jnd incubated with a polyclonal antibody against desmin (polv 
des а с e) a monoclonal antibody against keratin (mono ker 
b (RCK106) f (RCK103)) and a monoclonal antibody against vi 
mentin (mono \im d) FilamenRJUs desmin staining patterns were 
observed in both cell types — Bars 10 urn 
tation with polyclonal desmin antibodies, mutant desmin 
subumts were found in equal amounts as subumts missing 
smaller portions of their rod domain (Fig 4c) This indi 
cates that in MCF 7 cells these subumts are less stable 
than in HeLa cells Probably copolymenzation with vimen-
tin prevents degradation of these mutant desmin subumts 
in HeLa cells Immunoprecipitation with polyclonal des­
min antibodies of total cell extracts and IF fractions of 
cells transfected with ΝΔ91€Δ55 indicated that these mu­
tant desmin subumts were more soluble compared to intact 
or carboxy-termmally deleted desmin Only minor 
amounts of this protein compared to the tailless subumts 
were detected m IF fractions (Fig 4b, compare lanes CA55 
and ΝΔ9ί€Δ55) In total cell extracts equal quantities of 
both mutant proteins were found (not shown) Northern 
blot analysis of total RNA of transfected MCF-7 cells re­
vealed that all mutant RNAs were present, albeit mRNAs 
transcribed from gene constructs were more abundant 
compared to mRNAs transcribed from cDNA constructs 
(Fig 5) 
In all immunoprecipitates obtained with polyclonal des­
min (Fig 4b,c, lanes pDes) and vimentin antibodies (Fig 
4d, lanes pVim) as well as with non-Ig bound Sepharose 
protein A beads (not shown), a number of endogenous 
protein bands were observed This indicates that the addi­
tional bands were precipitated by a specific binding to the 
protein A Sepharose beads MCF-7 cells transfected with 
the different constructs as well as cells transfected with the 
pUC19 plasmid, were completely devoid of vimentin sub-
units (Fig 4d) In Northern blot analysis of total RNA 
from transfected MCF 7 cells no vimentm RNA what 
soever could be detected (Fig 5b) After hvbndization to a 
vimentm probe only mRNAs of CA5S and NAÇICA^ 
which contain exon 9 and 3' noncoding sequences of \i 
mentin, could be detected after long exposure times (Fig 
5b, asterisks) 
In HeLa cells, precipitation of all mutant desmin sub 
units with polvclonal desmin antibodies caused coprecipi-
tation of endogenous vimentm subumts, which was not ob-
served m the absence of desmin subumts (not shown) 
Mutant desmin assembh m MCF-7 tells 
Transfection of the various deletion constructs in MCF 7 
cells resulted in a number of morphologically distinct pat 
terns after staining with polyclonal desmin antibodies 
(poly-des) Expression of pRSVDes and pRSVcDes"*' as 
well as expression of the deletion constructs CA9c to 
CA32c"'<l (not shown) yielded filamentous desmin staining 
patterns, although desmin filaments formed after expres 
Sion of pRSVcDes"*' (Fig 3a) were generally less extensive 
as those observed after expression of pRSVDes On the 
other hand, expression of the deletion construct СДЗбс' *' 
never resulted in filamentous staining In transfected cells 
small dots next to a diffuse cytoplasmic staining were seen 
Neither interaction with the nucleus nor with the plasma 
membrane could be observed Some cells showed a pre­
dominant dotted staining, whereas in others the diffuse 
staining pattern was more pronounced (Fig 6a) Expres­
sion of deletion constructs (CASOc'^'-CA?!^"") showed 
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Flg. 4a. Immunoprecipitation with polyclonal antibodies against 
desmin (lanes pDes) of desmin expressed in MCF-7 cells trans­
fected with pRSVcDes and pRSVcDes"1", revealed that constructs 
containing the intron were expressed at 2 to 10-fold higher levels 
compared to constructs with no intron. Bands corresponding to 
# # 
φ 
_ 84 kDa 
4a 
_ 47 kDa 
_ 33 kDa 
desmin are pointed out by arrowheads— b.c. Immunoprecipita­
tion of cytoskeletal fractions (b) and cell extracts (b. asiensks: c) 
of transfected MCF-7 and HeLa cells with a polyclonal antibodv 
against desmin (b. c: lanes pDes) re\ealed that all mutant desmin 
genes were expressed properly, and proteins were of the expected 
size Bands corresponding to the mutant desmins are pointed out 
by an arrowhead Immunoprecipitation with polyclonal desmin an­
tibodies of cell extracts of MCF-7 and HeLa cells transfected with 
the helical deletion constructs Indicated that subumts missing 18 
or more residues from their rod domain were unstable in MCF-7 
cells (c. MCF-7. lanes СЛ50с-СЛ7Іс). In HeLa cells, all subunits 
were present in equal amounts (c. HeLa. lanes СЛ36(-СЛ7Іс). All 
mutant desmin subunits caused coprecipitation of \imentin when 
precipitated with polyclonal desmin antibodies (c, HeLa) — d. 
Immunoprecipuations of cell extracts of MCF-7 cells, transfected 
with the different desmin constructs, with polyclonal antibodies 
against vimentin (d, lanes pVim) showed that in transfected cells 
vimentin could not be demonstrated Immunoprecipitates of cyto­
skeletal proteins from BHK-21 cells, obtained with polyclonal an­
tibodies against desmin (pDes) and \imentin (pVim). were used as 
markers for vimemm (Vim) and desmin (Des) {lanes BHK pDes 
pVim). Immunoprecipitation of non-transfected {lanes C) and 
pUCI9 {lanes pUCI9) transfected MCF-7 and HeLa cells (not 
shown) with polyclonal antibodies against keratin (b. d: lanes С 
pKer), desmin (b; lanes pVCI9: pDes), and vimentin (d. lanes 
pUC19:pVim) indicated that additional proteins present in precip­
itates obtained with the polyclonal desmin (b, c; lanes pDes) and 
the polyclonal vimentin antibodies (d; lanes pVim) as well as with 
non Ig-coupled Sepharose protein A beads (not shown) might be 
keratins. 
$ І 
9> 
О ? 
Φ φ φ φ 
i ξ i i & 
et & я ,# ,ν α α и о о 
Φ 
(f 
ν 
о 
Φ 
$ is 
ο σ о 
ê 
< 
- 8 4 kDa 
-47kDa 
-33kDa 
^ ^ ^ 
Q с δ 
54 
MCF-7 HeLa 
¿ ài $ & (о & i J i & # & # J i â ¿f j i j со & £ δ 
47kDa 
4c 
ρ 
І 
-33kDa 
І 
f о ^ ^ S
1 
б
7 
•φ Φ Φ 5 
•9? 
ο α cJ ο α 
en Φ Φ 9 
і І $ $ 
I о^ о^ о^  Ü 
Vim 
Des 
— 84 kDa 
— 47kDa 
— 33 kDa 
г ; C5 
Q 
,¿ 
the same staining patterns as observed for САЗбс""', how­
ever, the diffuse staining became more predominant when 
the size of deletion in the rod domain increased. A smaller 
number of cells staining positively with the polyclonal des-
min antibody compared to cells transfected with the other 
constructs was observed. Expression of Cstop448c"'" re­
sulted only in thick, often kinked, and rather short fil­
amentous structures which frequently gathered around the 
nucleus (Fig. 6b). Expression of the construct CA55 as well 
as Cstop415RSVcDes"r", resulting in the deletion of the 
entire carboxy-terminal domain of desmin, showed no fil­
amentous pattern whatsoever (Fig. 6c). Strong fluorescent 
dots (sometimes rodlike) were seen randomly situated 
throughout the cytoplasm. No particular affinity with the 
nuclear em elope or cell membrane was noticed. Moreover, 
no diffuse cytoplasmic staining occurred. Sometimes short 
thick filamentous structures protruded from extremely 
large desmin dots (not shown). Transfection of smaller 
amounts of these constructs (up to 200 times less than de­
scribed in Materials and methods) showed that the dotted 
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Fig. 5. Northern blot analysis of total RNA of MCF-7 cells 
transfected with the different deletion constructs (indicated as de­
scribed in Fig. 1). Blots were hybridized with 32P-labeled cDNA 
probes of desmin (a), vimentin (b) and actin (с). Total RNA of 
pUCI9-transfected MCF-7 cells was used as a negative control. 
Total RNA of BHK-21 cells was used as a positive control. 
mRNAs of all constructs were expressed and are pointed out by 
arrowheads. Construct RNA transcribed from gene constructs was 
more abundant as mRNA from cDNA constructs (a; lanes CA55 
and ΝΔ9Ι€Δ55). No vimentin mRNA could be detected (b). After 
long exposure times mRNA bands of СД55 and NA91CA55 were 
detected with the vimentin probe (asterisks). Both constructs con­
tain exon 9 and З'-noncoding vimentin sequences. Hybridization 
with a hamster actin probe showed that all lanes contained equal 
amounts of RNA (с). 
staining pattern was not caused by an overexpression of 
the mutant desmin protein, since it remained at each con­
centration. The deletion construct ΝΔ910Δ55, which en­
codes a desmin protein missing 85% of its amino-terminal 
and its entire carboxy-terminal domain, showed no fil­
amentous staining pattern after expression in MCF-7 cells. 
Only a strong cytoplasmic and, in some cells, both a strong 
diffuse cytoplasmic as well as nuclear fluorescence oc­
curred (Fig. 6d). In many cases a fluorescent rim sur­
rounded the nucleus. Inside the nucleus weakly stained ar­
eas were visible. Expression of all substitution constructs 
CsubXc"81 yielded desmin subunits incapable of normal 
filament formation. Expression of CsubSÇ^"81 and 
Csub-WSc1'81 resulted in short thick kinked desmin struc-
tures randomly situated throughout the cytoplasm (Fig. 
6e). Expression of Csub400c(l,i) resulted in desmin dots 
next to a diffuse cytoplasmic staining comparable to the 
staining pattern observed after expression of СДЗбс"81 
(Fig. 60· In contrast to the expression of the latter con­
struct, the desmin dots seen after expression of 
Csub400c"M were often situated in close proximity to the 
plasma membrane. When two 1VICF-7 cells expressing this 
construct were in contact, desmin dots were situated at al­
most symmetrically opposite sites at the intercellular junc­
tions (Fig. 60. 
Mutant desmin assembly in HeLa cells 
As described previously for amino-terminal deletions in 
the desmin subunits [60], also the effects of carboxy-termi­
nal deletions on filament formation in HeLa cells were 
much less obvious than those seen in MCF-7 cells. Like in 
MCF-7 cells, transfection of pRSVcDes""1 to САПс"*1 re­
sulted in normal filament formation (Figs. 3c, e). Except 
for NA91CA55, transfection of the other mutant desmin 
genes resulted in at least a number of HeLa cells in a fil­
amentous staining pattern. Probably, endogenous vimentin 
in HeLa cells copolymerized with the exogenous desmin 
subunits and compensated for the effects caused by the 
deletions in the desmin subunits. However, for each con­
struct HeLa cells displaying deviating desmin staining pat­
terns were present (Fig. 7), comparable to those observed 
in MCF-7 cells. The expression of desmin constructs 
CA36c''8) to CA71c(l8) yielded a mixture of filamentous 
next to dotted and diffuse staining patterns in a number of 
HeLa cells (Fig. 7a). Expression of СДЗбс"81 to CΔ7lc ( l ," 
as well as that of all three substitution constructs 
(CsubXc1'81; Figs. 7a, e, 0 resulted in disturbed desmin 
staining patterns in more HeLa cells as compared to cells 
expressing mutant desmin subunits with an intact rod do­
main. After expression of Csub400c"8,, no interaction of 
mutant desmin with the plasma membrane could be de­
tected (Fig. 70. When Cstop448c('8,, CA55 and 
Cstop4l5c"8 ' were expressed in HeLa cells, only in a small 
number of cells disturbed filaments were seen (Figs. 7b, c). 
However, in cells transfected with CA55, which is ex­
pressed at higher levels as compared to Cstop4l5c"8>, more 
cells showed disturbed desmin patterns (Fig. 7c). Expres­
sion of NA9ICA55 in HeLa cells never resulted in desmin 
filament formation. The diffuse staining pattern was iden­
tical to that observed in MCF-7 cells transfected with this 
construct (Fig. 7d). Furthermore, the fluorescence intensity 
of intact desmin filaments seen after transfection of the 
various deletion constructs was generally lower compared 
to the fluorescence intensity of the disturbed patterns. 
Fig. 6. Single label immunofluorescence assay of MCF-7 cells 
transfected with СДЗбс'"" (a), Cstop448c""1 (Ь), СД55 (с), 
NA9IO\55 (d), Csub394c1"" (e), and Csub400c"'" (f) and stained 
with polyclonal antibodies against desmin. Note symmetrical ar­
rangement at sites near the plasma membrane of desmin dots in 
cells transfected with Csub400c"1". Tailless desmin subunits are in­
capable of filament formation (c). — Bars 10 μτη. 
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H g . Я. Double label immunofluorescence assay of MC F-7 cells 
t ianslccted with СЛЗбс"" ' ( я . h) . C•slnp44Sc" , ( с . il ι ("A'ï'i (с , f), 
МЛЧ1СЛ55 (g. hl . ГміЬі04с * ' (I . j v and ( siib4(U)c""' ( к , I) and 
si lined with polyclonal antibodies against desmin (a , c, e, g, i, k) 
and monoclonal antibodies against kc-r.nin (IU KIOM 
( b . d, f. h. j . I) N(4e that Iterali η niamcnts «Lie n o c i alTcCled by 
expression ol mutant desmin subunits Har lu |tiii. 
l ig . 7. Single label immunolluorescence assay ol' HeLa cells 
transfected with СДЗбс"* 1 ( a ) , Cstop448c " ' (b) . СЛ55 (c) , 
N.\9ICA55 (d), С s u b ^ 4 c " " ' (e), and Csub40(ic" 4 ' (fI and stained 
with polyclonal antibodies against desmin In most HeLa cells ( e v 
ccpl for N\91C"A55). normal desmin li laments uere present, but 
for each construct at least some Mel a cells showed disturbed des­
inili filamenls I xpression of the desmin subunits with deletions or 
substitutions in theii rod domain resulted In more I lei a cells dis­
playing a disturbed filament pattern compared to Mei a cells trans­
fected with non-helical deletion constructs Expression of a des­
min subunit depleted of both non helical end domains ne\cr 
yielded aiu ftlanientous staining. Only a dilO.bc cytoplasmic. 
sometimes next to nuclear, staininp was o b s c n e d i d ) Hai ID 
pm. 
I igs. 9a to I. Double label immunofluorestence assay of HeLa 
cells transfected with САЗбс""1 (a, b), Cslop448c""' (c, d), СД55 
(e. f ) . Ν Λ 9 Ι ί Λ 5 5 ( g , h), C s u b ^ V " 1 ( i , j ) , and Csub400c"s l 
(k, I) and stained with polyclonal desmin antibodies 
(a, с, e. g, i , к ) and monoclonal vimentin antibodies 
(b, d , f, h, j , I) Generally, desmin and \imentin staining patterns 
were identical even if the desmin filaments were completely dis­
turbed However, expression of rod deletion or substitution con­
structs occasionally resulted in partially independent desmin and 
vimentin staining patterns (vimenlin structures seemed to be less 
disturbed compared to desmin structures, see а, Ь boitom part) 
a' to I'. Double label immunofluorescence ¡issa) of Hel a cells 
transfected with СДЗбс'"' (a' , b'). ( slop44Xc'4' |c'. d'). СД55 
(e'. Γ) , Ν Δ 9 Κ Δ5ΐ ( g ' , h'). CsubTMc''"' (!', j ' i . and CsuMOOc M 
(k ' . I') and stained with polyclonal desmin antibodies 
(a', с', e', g', I', к') and monoclonal keratin antibodies (RC КИП) 
( b ' , d ' . f', h', j ' , I') Note that the keratin filaments were not al 
fected by mutant desmin expression Only extreme high expression 
levels seemed to infiuence local keratin disl i i lnit ion Bars 10 
(im. 
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These observations sustain the idea that (except for 
ΝΔ9Κ'Δ55) only high level expression of mutant desmin 
subunits in HeLa cells causes disturbed desmin staining 
patterns [60]. For an overview of the transfection results 
obtained with both MCF-7 and HeLa cells, see Table III. 
Interaction of transfected desmin and mutations thereof 
with endogenous IF slnicmres 
In MCF-7 cells, expression of mutant desmin subunits 
never affected endogenous keratin structures (Fig. 8). 
61 
Tab. III. Indirect immunofluorescence staining patterns ob­
served in transfected cells. 
Trensfected Immunofluorescence Immunofluorescence 
constructs pattern m vimentin- pattern in vimentm containing 
free cells HeLa cells* 
pRSVcDes"" 
СД9с 
СД14с 
СДІвс"" 
СД32с<"' 
СДЗвс""' 
СДбОс"" 
СД61с 
СД65с 
СЛ69с 
CΔ71c,··, 
CstopASc1*1 
СяорДІБс
1
·*
1 
СД55 
ΝΔ910Δ55 
Csub394c1'·1 
CsuMOOc1"1 
CsubAOSc1" 
Do, Di 
Do, Di 
Do. Di 
Do. Dl 
Do. Di 
Do. Di 
Tf 
Do 
Do 
Di 
Sr 
Do. Di 
Sr 
F 
F 
F 
F 
F 
F, Do, Di 
F, Do, Di 
F, Do, Di 
F. Do. Di 
F. Do. Di 
F. Do, Di 
F.Tf 
F, Do 
F, Do 
Di 
F, Sr 
F. Do, Di 
F. Sr 
F Filamentous staining pattern — Do Dotted staining pattern — Di Diffuse stain­
ing pattern — Tf Thick, rather short filamentous structures — Sr Short, often 
kinked rodlike structures — " Staining pattern depends on expression level of 
mutant desmm (except for ΝΔ910Δ55) If expression level was low, most cells 
showed intact desmm filaments, if the expression level was high, most cells 
showed staining patterns comparable to those seen in MCF-7 cells 
In HeLa cells, after expression of most mutant desmin 
subunits, identical desmin and vimentin patterns were ob­
served (Fig. 9a-l). Incidentally, expression of the rod dele­
tion and substitution constructs resulted in partially inde­
pendent desmin and vimentin structures. In those cells vi-
mentin structures seemed to be less disturbed compared to 
desmin structures (Figs. 9a, b; bottom pari). In general, the 
keratin filaments seemed not to be affected by expression 
of mutant desmin subunits (Figs. 9a'-\'). Only extremely 
high expression levels of mutant subunits which often re­
sulted in large aggregates of desmin and vimentin affected 
keratin distribution in these cells. 
Mapping of the epitope of the monoclonal desmin antibody 
RD301 
Double immunofluorescence and Western blotting assays 
of HeLa and MCF-7 cells, transfected with deletion con­
structs pRSVcDes"8» to СД32с , ,8) and Cstop448c(,8,, with 
polyclonal and monoclonal antibodies against desmin, 
were used to determine the epitope for the monoclonal an­
tibody RD301. In both these assays only desmin subunits 
expressed after transfection of pRSVcDes1'8' and 
Cstop448c('8) could be stained with the monoclonal anti­
body mono-des (Fig. 10a), whereas with the polyclonal an­
tibody poly-des all desmin subunits expressed could be de­
tected (Fig. 10b). 
Discussion 
Recent studies on IF assembly, both in vitro [10, 59] and in 
vivo [31, 51, 83], suggested that the carboxy terminus is in­
volved in this process. In vitro reassembly studies with car-
boxy-terminally and amino-terminally deleted GFAP sub-
units revealed that both end domains were involved in fil­
ament assembly [59]. However, in the carboxy-terminally 
deleted subunit used in this study, half of the amino-termi-
nal domain was substituted by a part of the Xc\l sequence 
which might have some effects on filament assembly. In 
vivo studies with truncated NF-M and NF-L subunits 
showed that a large part, but not all, of the carboxy ter­
minus is dispensable for NF-M, and to a lesser extent for 
NF-L integration in preexisting filaments. Especially dele­
tions in the non-helical tail domain near the carboxy-ter­
minal part of the rod domain caused gross alterations in 
NF-M/vimentin heteropolymeric filaments. In vitro stud­
ies with a synthetic peptide comprising the in type III IFs 
conserved sequence KTIETRDGE of the tail domain indi­
cated that this region, situated at the carboxy-terminal part 
of this domain, is not essential for filament assembly but 
might be involved in lateral association of type III IFs [10]. 
Essentially the same observations were made with in vitro 
studies using carboxy-terminally deleted desmin, vimentin, 
and keratin subunits missing the carboxy-terminal part of 
their tail domains. These truncated IF subunits yielded un­
der normal polymerization conditions abnormal fil­
amentous structures which were shorter in length [33, 66] 
and showed an increased tendency to aggregate laterally 
[42, 66]. However, when polymerization conditions were 
changed, these tail-truncated subunits formed normal fil­
amentous structures. In in vivo experiments performed by 
Lu and Lane [51], coexpression of carboxy-terminally de­
leted type I and II keratins (missing the last 2/3 of their 
carboxy-terminal domain) in cells devoid of simple epithe­
lial keratins resulted in short, kinked filamentous keratin 
structures. This indicated that also within the living cell, 
the carboxy-terminal part of the tail domain is involved in 
higher order assembly processes such as filament elonga­
tion and/or stabilization. Albeit the studies mentioned 
above contribute a great deal to the understanding of the 
role of the carboxy-terminal domain of IFs in filament as­
sembly, up till now no IF subunits missing their complete 
carboxy-terminal domain have been studied in cells devoid 
of endogenous copolymerizable subunits. In the present 
study, restriction endonucleases and especially site-di­
rected mutagenesis were used to introduce stop codons at 
specific positions in the coding region of the hamster des­
min gene and cDNA. After expression of these constructs 
in tissue culture cells, desmin subunits devoid of their 
complete carboxy-terminal domain were formed. Further­
more, several constructs were made in which various parts 
of the carboxy-terminal region (including parts of the a-
helical rod domain) were deleted. Amino acid substitu­
tions were introduced in the in all IF types conserved re­
gion (TYRKLLEGEE) at the C-terminal end of the rod do­
main of desmin to study the role of this sequence in type 
III IF assembly. Previously, it was shown that the presence 
of intact copolymerizable IF subunits in cells used for ex­
pression of mutant IFs masks the effects caused by dele­
tions in mutant subunits upon filament assembly [17, 31, 
51, 60, 83]. Therefore, we used vimentin-free MCF-7 cells 
to study the effects of mutations in desmin subunits on fil­
ament assembly. Vimentin-containing HeLa cells were 
used in parallel to study the influence of mutant desmin 
subunits on preexisting type III IFs. 
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Desmin subunits missing their complete carboxy-terminal 
domain are incapable to assemble into filaments in 
vimentin-free cells 
It has been reported previously that the first 21 residues 
following the rod domain of chicken gizzard desmin can 
bind to lamin В [28]. Deletion of hamster desmin residues 
415 to 446 (which comprises this area) had no influence on 
filament assembly. In contrast, deletion of the last 22 ami­
no acid residues of desmin (comprising the in type III IFs 
conserved sequence KTIETRDGE) resulted in rather 
short, abnormal thick and often kinked filamentous struc­
tures only, which frequently showed a strong affinity for 
the nucleus. This observation is in agreement with the in 
vivo findings of Lu and Lane [51], who showed short, 
kinked filamentous structures after coexpression of keratin 
subunits missing 2/3 of their tail domains as well as with 
the in vitro results of Hat/HH and Weber [33], Kaufmann 
et al. [42], and Shoeman et al. [66]. These authors reported 
that, under normal in vitro polymerization conditions, tail-
truncated IF subunits formed abnormal filamentous struc­
tures (short filaments with an increased tendency to aggre­
gate laterally). However, a change in polymerization con­
ditions resulted in normal filamentous structures. Our re­
sults and the findings of the authors mentioned above 
strongly suggest that the C-terminal part of the tail do­
mains of all these different types of IFs is involved in sta­
bilization, lateral aggregation and/or elongation of higher 
order structures, but the mechanism of interaction might 
differ for different types of IFs. 
Although no vectorial assembly of desmin filaments in 
MCF-7 cells could be observed [60], this does not exclude 
the possibility that the strong affinity for the nuclear mem­
brane of desmin subunits missing their last 22 residues is 
caused by the presence of the carboxy-terminal part which 
can bind to lamin В [28]. 
Expression of desmin subunits missing their complete 
carboxy-terminal domain (amino acids 415-469) showed 
that such subunits are not capable of homopolymeric fil­
ament formation. Only desmin aggregates could be formed 
(dotted staining pattern) but no assembly into filamentous 
structures took place. Furthermore, no interaction with 
plasma or nuclear membranes could be observed. This is in 
agreement with the findings of Quinlan et al. [59]. They re­
ported that GFAP subunits missing their complete tail do­
main were incapable of in vitro filament assembly. The se­
quence next to the carboxy terminus of the rod domain 
does not seem essential for filament assembly (in contrast 
to a suggestion by Wong and Cleveland [83] and Gill et al. 
[31]), since this desmin sequence can be deleted without 
any effect on filament assembly. Therefore, it might be 
possible that a minimal number (which may vary for the 
different types of IFs) of residues next to the carboxy ter­
minus of the rod domain must be present in order to sta­
bilize the conformation at the end of the coiled coil rod 
domain. This was also suggested by Hatzfeld and Weber 
[33]. It would explain the discrepancies between previous 
in vitro studies which showed no role for the tail domain 
of IFs in filament assembly [33, 42, 66] and the in vitro 
results [59], as well as our in vivo studies with tail-trun-
Fig. 10. Western blot of total cell extracts of HeLa cells trans-
fected with the carboxy-terminally deleted desmin constructs. 
Blots were first stained with monoclonal antibodies (RD301) 
against desmin (a, mono-des), and subsequently with polyclonal 
antibodies against desmin (b, poly-des). Mutant protein bands are 
indicated by an arrowhead. Note that after staining with RD301 
only constructs Cstop448c<l8, and pRSVcDes"81 resulted in staining 
of desmin bands, whereas the polyclonal desmin antibody stained 
all mutant desmin bands. 
cated IF subunits, demonstrating that the tail domain is es­
sential (at least some part of it) for normal filament assem­
bly. Only in the latter two studies IF subunits missing their 
complete tail domain were used. 
Deletion of both 85% of the amino-terminal together 
with the complete carboxy-terminal domain rendered des­
min filaments incapable even of forming aggregates. Only 
a strong diffuse cytoplasmic (occasionally next to a diffuse 
nuclear) staining was observed. Previously [60] we have 
demonstrated that removal of residues 5 to 17 from the 
non-helical amino-terminal domain of hamster desmin 
renders these subunits incapable of filament assembly on 
their own. Likewise NF-L subunits missing residues 19 to 
31 of the amino-terminal domain were incompetent for 
coassembly into normal IF networks [31]. For both vimen-
tin and desmin it was shown that proteolytic fragments 
missing their amino-terminal domains were incapable of 
bona fide filament assembly [25, 66]. Moreover, it was 
demonstrated that as a consequence of removal of amino 
acids from the amino-terminal domain, vimentin subunits 
were released from filaments [66]. Immunoprecipitations 
with polyclonal antibodies against desmin of total cell ex­
tracts and isolated IF fractions indicated that these car­
boxy-terminally and amino-terminally deleted subunits are 
more soluble compared to intact or carboxy-terminally 
deleted desmin subunits. This strongly suggests that the 
amino-terminal domain of type III IFs and neurofilaments 
is involved in the formation of higher order structures, 
whereas the carboxy-terminal part of the tail domain 
seems to play a part in stabilization, elongation or lateral 
association of the latter structures. Moreover, the tail do­
main is needed (at least in part) to enable filament assem­
bly, possibly by stabilizing the conformation at the car­
boxy-terminal end of the rod domain. 
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Deletions in the rod domain render desmin subunits 
incapable of filament assembly and cause a rapid 
degradation of these subunits in vimentin-free MCF-7 cells 
It seems plausible that the amongst all types of IFs highly 
conserved region (TYRKLLEGEE) is essential for filament 
assembly. Several studies showing that deletions in the car-
boxy-terminal part of the helical rod domain of IFs have 
dramatic effects on filament assembly and stability con­
firmed this idea. Incorporation of keratin 14 or NF-M sub-
units missing only a few residues from the carboxy ter­
minus of the rod domain into preexisting filaments caused 
gross alterations in these networks [2, 17, 83], although 
these rod-truncated keratin 14 subunits were capable of 
normal in vitro coassembly with wildtype keratin 5 [17]. 
Removal of 10 or more residues from the carboxy terminus 
of the rod domain renders lamin A assembly incompetent 
[50]. We have demonstrated that removal of only 4 residues 
from the carboxy terminus (EESR) of the desmin rod do­
main results in loss of de novo filament forming potential. 
Moreover, with increasing deletions in the rod domain less 
cells reacted positively with the polyclonal desmin anti­
body. Immunoprecipitation of mutant desmin subunits in­
dicated that subunits missing 18 or more residues of the 
carboxy terminus of the rod domain (including the com­
plete conserved sequence) are unstable in cells devoid of 
intact type III IFs. Only minor amounts of these subunits, 
compared to subunits containing smaller deletions, could 
be detected, albeit mRNA levels were identical for all 
cDNA constructs. Introduction of amino acid substitu­
tions in the conserved carboxy-terminal region of the des­
min rod (at heptad positions A, G, and E) renders these 
subunits incompetent for de novo filament assembly. In­
troduction of proline residues in position 394 and 405 
(heptad positions A and E) resulted in short, kinked irreg­
ular structures, whereas introduction of lysine at position 
400 (heptad position G) caused a dotted staining pattern 
comparable to that observed after expression of the des­
min subunit missing the last 4 residues of its rod domain. 
Remarkably, in contrast to these dots, desmin dots formed 
by the substitution construct seemed to have an affinity 
with distinct sites at the plasma membrane. Hitherto no ex­
planation for this phenomenon can be given. Immunopre­
cipitation assays indicated that in contrast to subunits con­
taining larger rod deletions, subunits containing single 
substitutions in the desmin rod are stable in cells devoid of 
endogenous type III IFs. Our observations are in agree­
ment with previous studies on lamin A [34]. Since only sub­
stitutions of desmin and lamin residues in heptad positions 
A, D, E, and G (internal dimerization sites) affected as­
sembly properties, it is likely that the conserved carboxy-
terminal part of the rod domain is involved in stabilization 
of the dimer. Removal of the conserved sequence probably 
results in a decreased dimer forming capacity. 
Coassembly properties of deleted desmin subunits with 
endogenous vimentin 
The presence of intact endogenous vimentin in cells used 
for expression of the various constructs masked largely the 
effects caused by mutations in the desmin subunits. Ex­
pression of nearly all deletion constructs resulted in the in­
tegration of mutant desmin into the endogenous vimentin 
network, resulting in normal-looking filamentous struc­
tures. However, for each construct staining patterns com­
parable to those observed in vimentin-free cells were pres­
ent in a number of HeLa cells. Coassembly of vimentin 
with desmin subunits containing deletions or substitutions 
in their rod domain, caused more severe disturbances in 
the filament networks as compared to constructs with an 
intact head and rod domain. These findings are in agree­
ment with results obtained in previous transfection studies 
with deleted neurofilament subunits [31, 83]. Expression of 
the desmin subunits missing 85% of their amino termini 
next to their complete carboxy termini never led to fil­
amentous structures. Moreover, in HeLa cells expressing 
this construct, the endogenous vimentin network was de­
stroyed completely. Only staining patterns identical to 
those observed in vimentin-free cells could be detected. 
This seems to be in contradiction with the assembly mod­
els proposed by Stewart et al. [73] and Lu and Lane [51], 
where for keratins it was suggested that only one intact 
keratin type is sufficient for heteropolymeric filament as­
sembly. This was sustained by Coulombe et al. [17] who 
reported that head and tailless K.14 can coassemble in vitro 
with K.5 into 10-nm filaments and integrate in vivo into 
endogenous keratin filament networks without perturbing 
them. The difference in assembly properties of the head 
and tailless К14 subunit and our head and tailless desmin 
subunit, which was incapable of in vivo filament assembly 
on its own, and completely disturbed endogenous vimentin 
networks, is probably due to the fact that these mutant des­
min subunits can form head and tailless homodimers and/ 
or homotetramers, even in the presence of vimentin. Since 
keratins are obligate heteropolymers, no dimers without 
head and tail domains could be formed in the experiment 
of Coulombe et al. [17], therefore we think that the pres­
ence of mutant desmin homodimers and/or tetramers is 
probably responsible for the complete disruption of the 
endogenous vimentin network. Generally, double labeling 
with vimentin and desmin antibodies revealed that vimen­
tin and desmin staining patterns were identical, indicating 
that all mutant desmin subunits retained the ability to in­
teract with vimentin. Immunoprecipitation with desmin 
antibodies sustained this view, since vimentin only copre-
cipitates when intact desmin or either one of the deleted 
desmin subunits was present. However, in HeLa cells ex­
pressing the rod deletion and substitution constructs, the 
occasionally observed partially independent desmin and 
vimentin staining patterns suggest that the conserved car­
boxy-terminal part of the rod domain is involved in the 
integration of desmin subunits into endogenous type III 
networks. Endogenous keratin filaments did not seem to 
be disturbed after expression of mutant desmin subunits. 
Only very high expression levels caused local distortions in 
the keratin networks. Finally, it was observed that the pres­
ence of intact vimentin stabilizes mutant desmin subunits 
missing 18 or more residues of their rod domain. No 
smaller amounts of these proteins as compared to the other 
deleted subunits were detected after immunoprecipita­
tion. 
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Localization of the recognition site of the monoclonal 
antibody RD301 
The region containing the epitope for the monoclonal anti­
body RD301 [13] was determined by means of immuno­
fluorescence and Western blotting assays of HeLa and 
MCF-7 cells transfected with our various deletion con­
structs. Under both non-denatunng (immunofluorescence 
assay) as well as denaturing conditions (Western blotting 
in the presence of SDS) the antibody showed the same af­
finity for intact and mutant desmin, suggesting that the 
epitope for RD301 is a continuous one RD301 reacted 
only with intact desmin and with desmin subunits missing 
their last 22 residues Therefore, the epitope region for this 
antibody must be situated at least in part between residues 
437 and 447 of hamster desmin. 
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It is demonstrated by immunoelectron microscopy 
that desmin subunits missing their complete 
carboxyterminal domain are incapable of in vivo 
homopolymeric filament formation. Furthermore it could 
be shown that, in vimentin-containing cells desmin 
integrates into preexisting vimentin filaments, resulting in 
heteroplymeric desmin/vimentin filaments. 
Removal of the aminoterminal, as well as both 
nonhelical end domains of desmin results in strongly 
increased Triton X-100 solubility of the mutant desmin 
subunits. Expression in vimentin-free cells of desmin 
mutants containing deletions in the C-terminal part of the 
rod domain also results in an increase of the Triton X-
100 solubility of these mutant proteins. In contrast, if 
expressed in vimentin-containing cells, these mutant 
subunits remained in the Triton X-100 insoluble fraction. 
Deletion of only the nonhelical carboxyterminus had no 
effect on the Triton X-100 solubility. 
In vimentin-free cells, stably expressed desmin 
subunits missing their aminoterminal domain display a 
slightly higher turnover rate compared to wildtype desmin 
subunits. Transiently expressed desmin subunits missing 18 
or more carboxyterminal residues of the rod domain are 
rapidly degraded in vimentin-free cells. In vimentin-
containing cells, turnover rates were much less 
pronounced. 
Eventually, by using site-directed mutagenesis, we 
were able to map specific residues important for de novo 
filament assembly within the aminoterminal domain and in 
the conserved part at the C-terminus of the tr-helical 
domain. 
Introduction 
All IF proteins consist of an α-helical rod domain of 
conserved secondary structure and size, flanked by 
nonhelical end domains of variable length, sequence and 
chemical characteristics [10, 29, 32, 50, 58, 85, 86]. 
Several proposals have been made to explain IF assembly 
[1, 18, 40, 68, 84, 86-89], but the exact mechanism is 
not yet fully understood. 
The rod domain is of major importance for filament 
formation. Previous transfection studies with deleted IF 
cDNAs and genes showed that removal of highly 
conserved residues at both ends of the rod domain caused 
alterations in IF structures [2, 3, 16, 19, 39, 61, 73, 74, 
92, 96] and changes in nuclear lamina networks [42, 60]. 
The nonhelical end domains are also involved in the 
assembly proces. They are the major sites for 
postsynthetic modifications such as phosphorylation and 
limited proteolysis [7, 65, 90, 94]. The end domains of 
several type III IFs are involved in binding to the plasma 
and nuclear membranes [12, 21, 28, 35-38, 57]. 
Phosphorylation of specific sites in the end domains of 
type ΙΠ and V IFs plays a role in mitosis-mediated 
disassembly or reorganization of these IFs [13-15, 25, 26, 
33, 42, 43, 45, 46, 49, 56, 62, 66, 67, 93]. The end 
domains of keratin IFs contain also phosphorylation sites 
which may play a role in filament rearrangement [24, 83, 
97]. That the N-terminal domains of several IFs play a 
72 
role in filament assembly was sustained by in vitro 
reassembly [48, 72, 78, 80, 91], and transfection 
experiments [39, 61, 73, 92, 96] with aminotenninally 
deleted IF subunits. Although a number of studies 
indicated that the nonhelical carboxyterminal domain is 
not involved in the assembly process [2, 3, S, 19, 41, 48, 
80, 92] , other recent studies showed that the 
carboxyterminal domain is necessary for proper assembly 
of different types of IFs [8, 39, 61, 72, 74, 96]. The role 
of the N-terminal and C-terminal domains in the assembly 
process seems to differ. Whereas the N-terminal domain 
is probably involved in the polymerization of 
protofilaments into higher order structures [48, 80], the 
C-terminal domain seems to take part in lateral 
association, elongation and stabilization of these higher 
order structures [8, 39, 61, 74, 80]. 
In previous studies [73, 74] we transiently expressed 
mutant desmin gene and cDNA constructs containing 
various aminoterminal and carboxyterminal deletions, as 
well as deletions and substitutions in the conserved 
carboxyterminal part of the rod domain. By means of 
immunofluorescence analysis of cells expressing the 
various mutant subunits we demonstrated that both 
nonhelical end domains are necessary for in vivo 
homopolymeric type III IF formation. Moreover, deletions 
and even single amino acid substitutions in the 
carboxyterminal part of the rod domain of desmin 
prevented homopolymeric filament formation, and caused 
severe disturbances in endogenous vimentin networks 
when expressed in vimentin-containing cells. In the 
current study we introduced amino acid substitutions in 
regions involved in filament formation [73, 74] , to map 
specific residues important for desmin filament assembly. 
Furthermore we determined whether the mutated desmin 
subunits, used in this and previous studies [73, 74], cause 
dominant or recessive alterations in endogenous vimentin 
filament networks. Since immunofluorescence microscopy 
of transfected cells lacks sufficient resolution to get a 
clear impression of the structural aspects of mutant 
desmin phenotypes, we stably transfected vimentin-free 
(MCF-7) and vimentin-containing (HeLa) cells with the 
various gene constructs described previously [73, 74]. 
Such cells were single or double immunogold-labeled and 
analyzed by electron microscopy (E.M.). Biochemical 
analysis of mutant desmin subunits used in this and 
previous studies [73, 74] revealed several aspects 
concerning Triton X-100 solubility and stability of the 
mutant proteins. 
Materials and methods 
Plasmid construction 
In general, the procedures described by Sambrook et al., 
1989 [79], were followed for construction of plasmids and 
preparation of plasmid DNA. 
T a b . I . List o f oligonucleotides used for site-directed 
mutagenesis. 
AA substituted oligonucleotide sequence 
AA 2,3 S.Q-None ''TGGAAGAGTAGGCCATGGTGGCGGCtf' 
AA 10 R-L •"GGAGGACACCAGCTGGCTGGA'' 
AA 13 S-A "'GGCGGTAGGÇGGACACCCt?' 
AA 15,1* RR-LL ,CCACCGAAGGTGAGGAGGTAGGAGGACAr 
AA 409 Ε-K pCCTCGCCCTrCAGCAGCTTr 
AA 413 S-A '•AGGTTGATCCGGGCCTCCTCGCCCTC'' 
AA 414 R-* 'AGGTCGATCAGGCTCTCCf 
underlined nucleotides indicate substitutions 
Except for ΝΔ2ο, NsublOc, Nsubl3c, Nsubl5,16c, 
Csub409¿,*)> Csub413c l* and Csub414c(,,>( other desmin 
constructs used in this study have been described previously [73, 
74]. 
Site-directed mutagenesis was used to introduce deletions or 
substitutions in the region encoding the N-terminal domain and 
in the region encoding the C-terminal part of the rod domain 
(Fig. 1, Tab. Ι,Π). The Hind III - Eco RI fragment containing 
the complete desmin cDNA was cloned into a Hind III - Eco RI 
cleaved M1,-mpl9 phage. Single-stranded uracil containing 
phage DNA was obtained alter transformation in E.coli CJ236 
strain. Deletion or substitution-containing oligonucleotides were 
used to delete the first two amino acids following the initiation 
methionine of desmin, or to introduce base pair substitutions 
according to the muta-gene in vitro mutagenesis kit (Bio-Rad 
Laboratories, Utrecht/The Netherlands). Mutated phages were 
selected by transformation in wildtype E.coli MVI190. AU 
oligonucleotides used are listed in Tab. I. 
Some constructs indicated by w contain intron 8 of the 
desmin gene. All constructs contain 57 bp of S' untranslated 
sequences. In both the desmin gene and the cDNA1'" constructs 
775 bp, and in the cDNA constructs 750 bp of 3' untranslated 
sequences including the "poly A" signal are present. 
The RSV promoter was isolated as described previously 
[73]. This resulted in a 0.58 kbp Hind III - Hind III fragment 
which was ligated in the 5' - 3 ' orientation in the Hind III 
(pUC19 polylinker) site of the desmin construct. The resulting 
construct contains some additional base pain from the pUC19 
polylinker between the Hind III and Ace I sites. 
DNA constructs were transformed into bacterial strain E.coli 
JM109. All DNA preparations used in transfection experiments 
were purified on two successive CsCl gradients. 
To check whether the mutations were introduced correctly, 
plasmid DNA of mutated clones was isolated and sequenced 
using the double- or single-stranded Kilo Base Sequencing 
System (Bethesda Research Laboratories Life Technologies, 
Inc., Gaithersburg, MD/USA). 
Cell culture and DNA Transfections 
Tissue culture of MCF-7 [59, 64, 82] and HeLa cells, as 
well as transient and stable transfection of these cells by the 
calcium phosphate precipitation method, was carried out as 
described previously [73, 95]. 
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Tab. П. Deletion and substitution constructs of hamster desmin. 
number of AA deleted or substituted 
CONSTRUCT 
Triton X-100 solubility 
MCF-7 HeLa 
stability 
MCF-7 HeLa 
pRSVDc8» 
Csub394c(** 
СвиЬ400< ·^ 
Ceub405c«· 
СвиЬ409с^  
Csub413¿» 
Csub414ce 
NONE 
NONE 
AAl ι 
AA41 
AA51 
AA41 
ΑΑ4Ί 
AA41 
AA41 
AA 10 
AA 13 
AA 15, 
AA42! 
AA41: 
AA41 
AA39 
AA37I 
AA37I 
AA44I 
AA41: 
AA41: 
AA 394 К - Ρ 
AA400E-K 
AA 405 R - Ρ 
AA409E-K 
AA 413 S - A 
AA414R-L 
pRSVcDerf** 
NA2e 
ΝΔ10*· 
ΝΔ13** 
ΝΔ60*· 
ΝΔ98*· 
ΝΔ124·· 
ΝΔ145·· 
NsublOc 
Nsubl3c 
Nsubl5,16c 
СЛ18с и · 
СЛЗІе
1
** 
СЛЗбо
1
** 
СЛ50с6"* 
CA69c* 
Còlle»* 
Cstop448cf·* 
СЛ55* 
NA91CA55* 
 
 2 AND 3 
 4 TO 13 (AA 14 Y - D)1 
 5 TO 17 
 4 TO 63 
AA 4 TO 101 
 4 TO 128 
 4 TO 148 (AA 149 R - G)1 
1  R - L 
 S - A 
16 R R - L L 
 429 TO 446 
 415 TO 446 
 411 TO 446 
 397 TO 446 
 378 TO 446 
 376 TO 446 (AA 375 H - Q)1 
 48 TO 469 
 415 TO 469 
 415 TO 469 AND AA 4 TO 94 
-
-
-
-
+ + 
+ + 
+ + 
+ + 
-
-
-
— 
-
± 
+ 
+ 
+ 
-
— 
+ + 
-
— 
-
-
0 
+ + 
0 
0 
-
-
-
-
-
-
— 
-
-
-
— 
+ + 
+ 
+ 
+ 
+ 
+ 
± 
± 
± 
± 
+ 
+ 
+ 
+ 
+ 
+ 
-
-
-
+ 
+ 
± 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
0 
+ 
0 
0 
+ 
+ 
+ 
+ 
+ 
+ 
± 
± 
± 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
№2Desmin 
αα 2+3 
NsubXDesmin 
αα 10 αα /3 αα /5+/6 
¿eu Ala Leu Leu 
Met Ser Gin Ala Туг Ser Ser Ser Gin Arg Val Ser Ser Туг Arg Arg Thr Phe Gly Gly Ala Pro 
algiagl caglgcc tac lel Ice age cag egg gig Ice tee lac ege ege aec Uc ggl ggl gec ceg 
t 9 t t „ - - • 
DESMIN 
7l· 
, , ' ' CsubXDesmin ч 
^ , ' ' \ 
' c e α с α go t 
gig aai alg (ее tig gat gig gag all gee ace Uc cgc aag clg clg gag ggc gag gag age egg 
Val Lys Met Ala Leu Asp Val Glu Ile Ala Tbr Туг Arg Lys Leu Uu Glu Gly Glu Glu Ser Arg 
Pro* lys* Pro· lys Ala Leu 
αα 394 αα 400 αα 405 αα 409 αα 413 αα 414 
Tab. II. The deletion constructs are named NAXpRSVDes, 
NAXpRSVcDes, NsubXpRSVcDes, CAXpRSVDes, 
NAXCAXpRSVDes, CAXpRSVcDes**, CsubXpRSVcDes'*, and 
CstopXpRSVcDes<ì,, (short ΝΔΧ, ΝΔΧο, NsubXc, CÒX, 
ΝΔΧϋΔΧ, CAXc'", CsubXc"", and CstopXc'*) where N stands 
for aminoterminal, and С for caiboxyterminal deletion or 
substitution, whereas X indicates the number of amino acids 
deleted (Δ), substituted (sub) or replaced by a stop codon (stop). 
Des means that constructs are derived from the desmin gene, cDes 
indicates that constructs are derived from the desmin cDNA. *' 
indicates that constructs contain intron 8 of the desmin gene. AA, 
amino acids. - ' Amino acid substitution caused by ligation. - ** 
constructs described in Raats et al., 1990. * constructs described 
in Raats et al., 1991. - underlined constructs are used for 
generation of stably transfected cells. - Solubility is indicated as: 
+ + = protein almost exclusively detected in Triton X-100 
fraction. - + = strong increase in Triton X-100 solubilty 
compared to wild type desmin. - ± = slight increase in Triton Χ­
Ι 00 solubility compared to wildtype desmin. - — = no increase 
in Triton X-100 solubility compared to wild type desmin. - 0 = 
not determined. - Protein stability is indicated as; + = stability 
identical to wildtype desmin. - ± = slight decrease in stability 
compared to wild type desmin. - — = strong decrease in stability 
compared to wild type desmin. - 0 = not determined. Both 
stability and solubility were analyzed in cells transiently (construct 
not underlined), and stably transfected (construct underlined) cells. 
Fig. 1. Schematic representation of deletions and substitutions in 
the desmin subunits. - underlined nucleotides and amino acids 
indicate substitutions. - [ ] indicates nucleotides deleted. - * 
constructs described in Raats et al 1991 [74]. 
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Tab. Ш: Overview of immunoñuorescence patterns in transfected MCF-7 and HeLa cells. 
CONSTRUCT 
ркаУсОмР' 
ΝΔ2ο 
ΝΔ10 
ΝΔ13 
ΝΔ60 
ΝΔ98 
ΝΔ124 
ΝΔ145 
NsublOc 
Nsubl3c 
Nsubl5,16c 
СМ с
т 
САЗгс"" 
САЗбс"" 
CASOc™ 
CA69c 
CAllc™ 
CstopMSé* 
CA55 
ΝΔ91ΰΔ55 
Csub394<í*> 
Csub-tOtá·" 
CsuЬ40S¿'*, 
Csub409<í,,) 
Csub413<í" 
Csub414¿* 
desmin phenotypes 48h 
after transfection 
MCF-7 HeLa 
F F 
F F 
F.Do F,Do 
Di.Do F,Di,Do 
Di F,Di(1) 
Di F,Di(1) 
Di F.Di'1' 
Di F,Di™ 
F F 
F F 
F.Di0' F 
F F 
F F 
Di.Do F.Di.Do"' 
Di.Do F(Di>Do<,) 
Di.Do F.Di.Do"» 
Di,Do F.Di.Do'0 
Tf F.Tf 
Do F.Do 
Di Di 
Sr F.Sr 
Di.Do F.Di.Do 
Sr F,Sr 
Di.Do F.Di.Do 
F F 
Di.Do.Sr F.Di.Do.Sr 
de novo filament 
formation 
+ 
+ 
+ 
-
-
-
-
-
+ 
+ 
± 
+ 
+ 
-
-
-
-
± 
-
-
± 
-
± 
-
+ 
-
distortion of endogenous 
vimentin network 
• 
• 
-
— 
+ 
+ 
+ 
+ 
• 
• 
-
• 
• 
+ 
+ 
+ 
+ 
-
-
+ 
+ 
± 
+ 
± 
• 
± 
heptad position 
of substitutions 
A 
G 
E 
В 
F 
G 
Tab. III. - F = filamentous staining pattern.- Do = dotted 
staining pattern. - Di = diffuse staining pattern. - Tf = thick, 
rather short filamentous structures. - Sr = short, often kinked 
rodlike structures. - m = only few cells displayed filamentous 
structures. - 0 ' = hazy filamentous structures only occasionally 
observed. - De novo filament formation is indicated as; — = no 
filamentous structures formed. - - ± = abnormal filamentous 
structures formed only. - + = normal filamentous structures 
formed. - Distortions in vimentin network are indicated as; • = 
vimentin pattern never distorted. - — = recessive distortion of 
vimentin network. - ± = partial recovery of vimentin network. -
+ = dominant distortion of vimentin network. - helix positions 
are indicated as A,B,C,D,E,F,G. 
De novo filament formation and disturbance of endogenous 
vimentin network was analyzed with immunofluorescence 
microscopy. 
Antibodies, indirect immunofluorescence assay, and Western 
blotting 
Western blotting procedures were carried out as reported 
earlier [11, 73]. Protein bands were visualized using 
biotinylated rabbit anti-mouse or donkey anti-rabbit antibodies 
(Sigma Chemical Company, St. Louis, MO/USA), or 12,I 
labeled goat anti-mouse antibody or swine anti-rabbit antibodies, 
or '
UI labeled S. aureus protein A. The radiolabeled bands were 
visualized by autoradiography. 
Determination of the solubility properties of the intact and 
mutant desmin proteins was performed essentially as described 
by Gill et al., 1990 [39]. Cells were lysed in Triton X-100 
buffer (4 M glycerol, 100 mM Pipes pH 6.9, 1 mM EGTA pH 
7.4, 0.5 % Triton X-100, 1 mM PMSF) by sonification for 1 
minute. The insoluble fraction was removed by centriñigation 
for 10 minutes. The resulting pellet was suspended in 0.3% 
SDS buffer (50 mM Tris-HCl pH 6.8, 0.5% SDS, 1 mM 
PMSF), and again the insoluble fraction was removed by 
centrifugation for 10 minutes. To the Triton X-100 soluble as 
well as the 0.5% SDS-soluble fraction 1 volume of 2x sample 
buffer (4% SDS, 10% fi-mercaptoethanol, 40% glycerol, 125 
mM Tris-HCl pH 6.8) was added. Equal amounts of protein 
from the Triton X-100 and the 0.5% SDS fraction were used 
for Western blotting. 
Immunofluorescence staining procedures were performed on 
cultured cells as described previously [53]. We used the 
following polyclonal and monoclonal antibodies; 
1) A polyclonal rabbit antibody (poly-des) to chicken gizzard 
muscle desmin [76]. 2) The affinity purified polyclonal antibody 
(poly-vim) to bovine lens vimentin [75]. 3) The monoclonal 
antibody RD301 to chicken desmin [69]. 4) The monoclonal 
antibody RV202 to bovine lens vimentin [77]. 5) The 
monoclonal antibody against vimentin, purchased from 
Boehringer, Mannheim. 6) The monoclonal antibody 3B4 
against vimentin [44]. 7) The affinity purified polyclonal 
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Fig. 3. Double label indirect immunofluorescence assay of MCF-
7 (3) and HeLa cells (3') transfected with NsublS.löc (a,b), 
Csut^CWc1* (cd and a' ,b') and Csub414c(* (e.f and c'.d') with 
a polyclonal antibodies against desmin (a,c,e and a ' ,c ') , and 
monoclonal antibodies against keratin (b,d,f) and vimentin (b' .d ') . 
Note partially independent desmin and vimentin staining in HeLa 
cells expressing Csub409c(* and Csub^Uc0" (3')· Bars 10 μπι. 
Fig. 2. Immunoprecipitation of total cell extracts of MCF-7 cells, 
transiently expressing desmin constructs NsublOc, Nsubl3c, 
Nsubl5,16c, C s u b ^ c 0 " , C s u M ^ c ' * , and CsuMUc1*, with a 
polyclonal antibody against desmin. All substitution constructs 
were expressed properly and proteins were of the expected size. 
Bands corresponding to the mutant desmins are pointed out by an 
arrowhead. Vimentin and desmin subunits were coprecipitatcd 
from BHK cell extracts with a polyclonal desmin antibody and 
used as markers for wildtype vimentin and desmin (lanes 
BHK;pDes). Immunoprecipitation of cell extract of non-transfected 
cells with polyclonal desmin antibodies was used as a control 
(lanes C;pDes). 
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antibody (poly-ker) to human skin keratins [75]. 8) Guinea pig 
antibodies to cytokeratins 8 and 18 [30]. 9) The monoclonal 
antibody RCK106 [77] to keratin 18. 
Electron microscopic procedures 
The procedure of double label immunoelectron microscopy 
was essentially as described previously [20, 31, 52]. Cells were 
grown on coverslips, briefly rinsed with PBS and fixed with 
formaldehyde for 5 minutes. Then the plasma membrane was 
partially disrupted with, and thus made penetrable to 
immunoglobulins, by treatment with PBS containing 0.1% 
saponin. Further treatment was essentially as described by 
Cowin et al., 1986 [20], using the following antibodies; The 
polyclonal antibody against desmin [76], the monoclonal 
antibody 3B4 against vimentin [44], the guinea pig antibodies 
against cytokeratins [30]. The desmin antibodies were always 
visualized by their reaction with secondary antibodies against 
rabbit Ig coupled to 5 nm colloidal gold particles, whereas 
vimentin was reacted with anti-mouse Ig coupled with 10 nm 
gold particles. 
Cell labeling, extraction and bnmunoprecipitation of IF proteins 
Cell labeling of tissue culture cells, preparation of IF 
proteins and total cell extracts were performed as described 
previously [6, 73, 74]. For pulse-chase labeling of tissue culture 
cells, cells were grown in sixwell dishes to 80% con fluency, 
starved for one hour in methionine-free EMEM medium, 
washed twice with PBS and labeled for 30 minutes with 20дСі 
["S]-methionine/well (sp act, > 1000 Ci/mMol, Amersham 
Nederland B.V., Houten/The Netherlands) in methionine-free 
EMEM containing 6% dialyzed FCS (Transiently transfected 
cells were pulse-labeled 24 h after transfection). After 30 
minutes of pulse labeling, cells were washed twice with PBS 
and grown in normal EMEM containing 10% FCS for several 
time periods (0 up to 72 h). Cells were harvested by washing 
them twice with PBS and addition of 70 μΐ lysis buffer (20 mM 
Tris, 1 mM PMSF, 2 % SDS, 10 mM DTE). 
Radiolabeled IF proteins were obtained selectively by 
immunoprecipitation with specific polyclonal antibodies as 
described [6, 73]. An aliquot containing 5x10s cpm up to 
δΟχΙΟ^ of the [53S]-methionine-labeled total cell extract was used 
for each precipitation. For immunoprecipitation of the pulse-
chase samples, quantities of total cell extracts containing equal 
amounts of protein were used. The precipitates were analyzed 
on one-dimensional 12% SDS-polyacrylamide gels. After 
separation the gels were fluorographed, dried and exposed to 
Kodak X-OMAT AR-5 film. 
Northern blot analysis 
Cells were washed twice with PBS and harvested with a 
cell lifter. Total cellular RNA was isolated from stably 
trans fected cells by the LiCl-urea method [4]. For Northern 
blotting 10-20 μg RNA samples were fractionated on a 1% 
formamide gel and transferred to Hybond-N (Amersham 
Nederland B.V.). Hybridization was performed as described 
[17]. A 1.8 kbp Hind III - Kpn I desmin fragment derived from 
the pUC19 plasmid containing the complete desmin cDNA [74] 
was used as a desmin probe. A mixture of Pst I fragments 
derived from pViml [22] was used as a vimentin probe. As an 
actin probe we used the 1.25 kbp hamster actin cDNA fragment 
[22] which hybridizes to a-, ß-, and γ-actin. Probes were 
radiolabeled using the random prime method [27]. 
Results 
Expression of desmin subunits containing substitutions in 
two highly conserved regions 
Previously we showed that deletions in the nonhelical 
end domains as well as in the conserved carboxyterminal 
part of the rod domain severely affect desmin filament 
forming capacity. Furthermore, we demonstrated that 
single amino acid substitutions in the carboxyterminal part 
of the rod render these mutant desmin subunits totally 
incapable of de novo filament formation in vimentin-free 
cells [73, 74]. In order to fine-map residues involved in 
the assembly process we made several constructs of the 
desmin cDNA in which amino acids in the conserved part 
of the N-terminus, and in the conserved region at the end 
of the rod domain were substituted (Fig. 1, Tab. 1,11). 
The assembly properties of the mutant desmin cDNA 
constructs were studied by transient transfection into 
MCF-7 cells. To study the effect of mutant desmin 
expression on endogenous vimentin filaments, HeLa cells 
were also transfected with the mutant desmin constructs. 
Immunoprecipitation of mutant proteins with 
polyclonal desmin antibodies revealed that all mutant 
proteins were expressed properly in both cell types used 
(Fig. 2). 
Expression of NA2c, NsublOc, Nsubl3c, and 
CsuMISc'* had no effect on desmin filament forming 
capacity (not shown). In both MCF-7 and HeLa cells 
extensive desmin networks comparable to those seen after 
expression of pRSVcDes [74] were observed. Most 
MCF-7 cells expressing Nsubl5,16c displayed a diffuse 
staining pattern next to some hazy filamentous and dotlike 
structures (Figs. 3:a,b). However, HeLa cells expressing 
this construct showed normal desmin filamentous 
structures, only occasionally aberrant staining patterns 
were observed (not shown). MCF-7 cells transfected with 
CsuMOÇc*" displayed a staining pattern, in which only 
desmin dots next to diffuse staining were seen (Figs. 
3:c,d), comparable to that observed for Csub400c('8) [74]. 
The dotted structures were often observed in close 
proximity to the plasma membrane. In HeLa cells 
transfected with this construct both normal filamentous 
structures as well as disturbed (in ±80% of cells 
expressing this construct) desmin staining patterns were 
seen (Figs. З^'.Ь'). Expression of Csub414c(,S) in MCF-
7 cells resulted in diffuse next to dotted and sometimes 
short kinked rodlike structures but no filamentous 
structures could be observed (Figs. 3:e,f). Compared to 
CsuMOOc** and Csub409c('ll\ less often dotted structures 
were in close proximity to the plasma membrane. 
77 
47kD 
• 47kD 
<s <s O а- 3" 
Σ? 
M 
< 
g 
ν 
t o 
о 
ю 
^7 
σ 
<? -kr ^ -f 
•г· Φ / 
# 
Fig. 4. a.b.c,) Immunoprecipitation of total cell extracts of MCF-
7 (a) and HeLa cells (b), stably expressing the different desmin 
constructs (indicated as described in Tab. II), with a polyclonal 
antibody against desmin (a,b) or vimentin (c). All mutant desmin 
genes were expressed properly and proteins were of the expected 
size. Bands corresponding to the mutant desmins are pointed out 
by an arrowhead. Note the additional degradation product 
(indicated by *) which was only present in precipitates of total 
extracts of cells expressing ΝΔ60, and ΝΔ98. All mutant desmin 
subunits caused coprecipitation of vimentin when precipitated with 
polyclonal desmin antibodies (b). Immunoprecipitation with 
polyclonal vimentin antibodies of cell extracts of stably transfected 
MCF-7 and HeLa cells indicated that all mutant desmin constructs 
coprecipitated with vimentin in HeLa cells (c). No vimentin was 
present in MCF-7 cells stably expressing the mutant desmin 
subunits (c). Immunoprecipitation of cytoskeletal proteins from 
BHK-21 cells with polyclonal antibodies against desmin (pDes) 
and vimentin (pVim) were used as markers for vimentin (Vim) 
and desmin (Des). Immunoprecipitation of nontransfected MCF-
7 (a;lanes C:pDes, c;lanes MCF-7, CtpVim) and HeLa cells 
(b;lancs C:pDes, c;lanes HeLa, C:pVim) with polyclonal antibody 
against desmin (pDes) and vimentin (pVim) were used as controls. 
Additional protein bands observed in these control precipitations 
were present in precipitates obtained with both polyclonal 
vimentin and polyclonal desmin antibodies. Moreover, even in 
precipitates obtained with non Ig-coupled sepharose protein A 
beads identical protein bands were present (not shown). 
d) Staining of Western blots, containing total cell extracts of 
MCF-7 cells stably transfetced with ΝΔ60, ΝΔ124, and ΝΔ145, 
with monoclonal (mDes) and polyclonal antibodies (pDes) against 
desmin. Mutant proteins are pointed out by arrowheads. Total cell 
extract of BHK cells was used as a marker for wild type desmin 
(Des). Cell extract of non-transfected MCF-7 cells was used as a 
negative control (lanes C). Note that the degradation product 
(indicated by *) observed in cell extracts of cells stably expressing 
ΝΔ60 could only be detected with the polyclonal desmin antibody. 
HeLa MCF-7 
Des 
pVim 
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Fig. 5. Northern blot analysis of total RNA of MCF-7 cells stably 
transfected with the different deletion constructs (indicated as 
described in Tab. II). Blots were hybridized with ^ P labeled 
cDNA probes of vimentin (Vimentin), desmin (Desmin) and actin 
(Actin). Total RNA of non-transfected MCF-7 cells was used as 
a negative control (lanes C). Total RNA of BHK-21 cells was 
used as a positive control (lanes BHK). mRNAs of all constructs 
(indicated as described in Tab. II) were expressed properly and 
are pointed out by arrowheads. Note that the various constructs 
were expressed at different levels. This might be partially due to 
the different percentages of cells expressing the mutant desmin 
constructs in each cell population. No vimentin mRNA could be 
detected in MCF-7 cells stably expressing the desmin constructs 
(Vimentin). After long exposure times mRNA bands of CA55 and 
NA91CA55 were detected with the vimentin probe (not shown). 
Both constructs contain exon 9 and 3' noncoding vimentin 
sequences. Hybridization with a hamster actin probe served as a 
standard (Actin). 
In most HeLa cells expression of this construct resulted 
in desmin filaments with normal features. Only in ±20% 
of transfected cells abnormal desmin structures were 
present (Figs. 3:c',d'). 
Generally, in HeLa cells expression of the mutant 
desmin subunits resulted in identical desmin and vimentin 
staining patterns (not shown). However, a number of 
HeLa cells transfected with constructs 
CA36pRSVcDes<,8) to CA71pRSVcDes<,8), Csub400c('8) 
[74], CsuMOÇc'* and Csub414c<,8) displayed partially 
independent desmin and vimentin patterns (see Figs. 3'). 
This phenomenon was most pronounced after expression 
of CsuMOÇc'*. Keratin filaments were not affected by 
expression of mutant desmin subunits (not shown). Only 
extremely high expression levels of mutant subunits 
seemed to influence keratin distribution. 
Progressive changes of mutant desmin phenotypes in 
transiently transfected MCF-7 and HeLa celL· 
In order to study the progressive changes in mutant 
desmin phenotypes after transient transfection of the 
mutant desmin genes and cDNAs (described in this and 
previous studies [73, 74]) in vimentin-free and vimentin-
containing cells, immunofluorescence was carried out 
with desmin antibodies 29, 53, 78, and 173 h after 
transfection. All mutant proteins were most abundant 
between 29 and 53 h after transfection. In both cell types, 
even after 173 h, some cells containing mutant desmin 
were present. 
In MCF-7 cells expression of mutant desmin subunits 
resulting in aberrant desmin patterns (see Tab. Ill) 
yielded, even late after transfection, the same 
immunofluorescence patterns as observed 48 h after 
transfection (compare [73, 74] and Tab. III). Only very 
few cells staining positively with desmin antibodies were 
observed at prolonged times after transfection of 
СД50с(,8), and СД71с(і8). 
HeLa cells transfected with pRSVDes, 
pRSVcDes<,8),NA2, NsublOc, Nsubl3c, Nsubl5,16c, 
Csub413c(,8), CAIS0", and СД32<,8) displayed identical 
desmin networks at the different time intervals. In most 
HeLa cells expression of ΝΔ60, ΝΔ98, ΝΔ124 and 
ΝΔ145 resulted in a diffuse desmin pattern during the 
entire time course. Occasionally few cells with normal 
desmin filamentous structures were noticed. At the end of 
the time course most cells expressing ΝΔ10, ΝΔ13, 
Cstop448c(l8) and ΟΔ55 showed normal desmin filaments. 
In cells expressing ΝΔ9ΐαΔ55, Csub394c(,8), Csub400c(,8), 
Csub405c(,8), Csub409c(,8), Csub414c(,8)( САЗбс™, 
ΟΔ50ϋ<ι8), and СА71ст the deviating staining patterns 
reported by Raats et al., 1991 [74], and in the previous 
section, remained during the entire time course. In cells 
expressing CsuMOOc1*, Csub409c<,8), Csub414c(,i), the 
amount of cells displaying filamentous desmin structures 
increased at prolonged times after transfection. For an 
overview of the desmin phenotypes in transiently 
transfected cells see Tab. III. 
Generation of stably transfected cell lines of MCF-7 and 
HeLa celL· 
some biochemical and structural 
mutant desmin subunits we stably 
transfected vimentin-free (MCF-7) and vimentin-
containing (HeLa) cells with several of our mutant genes 
To address 
properties of the 
Fig. 6. Single label immunofluorescence assay of MCF-7 (6) and 
HeLa (6') cells stably transfected with pRSVDes (a,a'), ΝΔ10 
(b,b·), ΝΔ13 (c), ΝΔ60 (d.c'), СД55 (e,e'), ΝΔ91€Δ55 (f.f), 
and stained with polyclonal antibodies against desmin. Note that 
headless and tailless desmin subunits are incapable of filament 
(see Tab. II). Cells were analyzed for mutant desmin 
expression by indirect immunofluorescence staining, 
double label immunogold electron microscopy. Western 
and Northern blotting, and immunoprecipitation with 
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formation in MCF-7 cells (d,e,f). In HeLa cells, except for ΝΔ60, 
desmin and vimentin staining patterns were identical. After double 
labeling of HeLa cells expressing ΝΔ60 with desmin (c') and 
vimentin antibodies (d'), vimentin staining seemed more granular 
compared to the diffuse desmin pattern. Bars indicate 10 /xm. 
polyclonal antibodies against desmin (poly-des) and 
vimentin (poly-vim). 
Immunoprecipitation (Figs. 4a,b,c) and Western 
blotting (Fig. 4d), of total cell extracts showed that 
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Fig. 7. Double label immunofluorescence assay with antibodies 
against desmin (a.c.e.g.i.k), vimentin (b,f,j) and keratin (d,h,l), of 
stably transfected cells expressing pRSVDes (a,b,c,d), ΝΔ10 
(c.f.g.h), and СД55 (i j ,k,l) treated with colccmid. Note that only 
mutant proteins were expressed properly in stably 
transfected MCF-7 and HeLa cells. In contrast to 
transiently transfected cells, stable expression of ΝΔ60 in 
MCF-7 cells and ΝΔ98 in HeLa cells resulted, next to 
mutant desmin, in an additional degradation product 
(Figs. 4a,b;MCF-7 lanes NA60:pDes, HeLa lanes 
NA98:pDes) which only stained with the polyclonal 
desmin/vimentin filaments collapsed. Dotted desmin/vimentin 
structures did not seem to be affected by colccmid treatment 
(e,f,i,j,k,l). Keratin filaments did not simultaneously collapse with 
desmin/vimentin filaments (d,h,l). Bars indicate 10 μιτι. 
desmin antibody (see Fig. 4d;lanes NA60:pDes). Since 
the epitope for the monoclonal desmin antibody is situated 
in the carboxyterminal end domain [74], it is likely that 
the region containing this epitope has been removed in 
the additional desmin products. Stable expression of all 
other constructs resulted, after immunoprecipitation and 
staining of Western blots with the polyclonal desmin 
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antibody, in one desmin product exclusively (Figs. 
4a,b,d). All mutant desmin subunits coprecipitated with 
vimentin (Fig. 4c;HeLa lanes:pVim). In MCF-7 cells 
stably expressing the desmin constructs neither vimentin 
(Fig. 4c) nor vimentin mRNA could be detected (Fig. 
5). 
Immunofluorescence analysis of stably transfected cells 
Single and double immunofluorescense assays of 
MCF-7 and HeLa cells stably transfected with the various 
constructs revealed that 10 to 80% of the cells stained 
positive with desmin antibodies. Most cells displayed 
desmin phenotypes comparable to those observed after 
transient expression. MCF-7 cells stably expressing 
pRSVDes showed extensive desmin networks, although 
desmin ñlaments were less abundant compared to cells 
transiently expressing this construct (Fig. 6:a). 
Expression of ΝΔ10 resulted in most cells in filamentous 
next to dotted desmin structures (Fig. 6:b). In some cells 
a diffuse staining pattern was observed. Stable expression 
of ΝΔ13 yielded a diffuse staining pattern in most MCF-
7 cells. Some cells displayed a diffuse next to dotted 
staining, whereas in very few cells hazy filamentous 
structures were observed (Fig. 6:c). All other 
aminoterminal deletion constructs resulted in diffuse 
staining only (Fig. 6:d). Expression of the tailless desmin 
subunit (CA55) resulted in a dotted staining pattern 
exclusively (Fig. 6:e), while expression of the head and 
tailless desmin subunit (NA91CAS5) yielded diffuse 
cytoplasmic next to nuclear staining (Fig. 6:f). As 
reported previously for the transient expression of mutant 
desmin genes [73, 74], endogenous keratins were never 
affected by stable expression of the mutant desmin genes 
in MCF-7 cells (not shown). 
The situation in HeLa cells was as follows. 
Expression of pRSVDes resulted in intact desmin 
filamentous structures (Fig. 6:a'). Most stably transfected 
cell populations, expressing ΝΔ10 showed a filamentous 
next to dotted desmin staining pattern (Fig. 6:b'), 
whereas some cell populations (probably expressing lower 
levels of this construct) displayed filamentous staining 
only (not shown). Stable expression of ΝΔ13 resulted in 
filamentous next to (± 1%) diffuse desmin structures. 
Only weak fluorescence was observed which indicates 
low level expression of this construct (not shown). 
Expression of ΝΔ98 (missing its complete aminoterminal 
domain) resulted in diffuse desmin patterns (Figs. 
6:c',d'). As observed for ΝΔ10, most cell populations 
expressing the tailless desmin subunit showed a dotted 
next to filamentous staining pattern (Fig. 6:6'), although 
in some stably transfected cell populations (probably 
expressing lower levels of mutant desmin) filamentous 
staining was observed exclusively. Large desmin 
aggregates were often seen in close proximity to the 
nucleus. Stable expression of NA91CASS never resulted 
in filamentous desmin structures, only diffuse cytoplasmic 
as well as nuclear staining was observed (Fig. 6:F). 
Vimentin and desmin staining patterns seemed to be 
identical in HeLa cells expressing the various constructs, 
although in some cells expressing ΝΔ98 vimentin staining 
seemed more granular compared to the completely diffuse 
desmin staining (Figs, óx'.d1). Whether this phenomenon 
is caused by the presence of the additional desmin 
cleavage product is not yet known. Except for ΝΔ10 the 
mutant desmin subunits did not seem to affect endogenous 
keratin filaments. As reported for transient expression of 
this construct [73], stable expression of ΝΔ10 resulted in 
some cells in the same aberrant keratin staining pattern as 
observed for desmin. Furthermore we noticed that in 
several of our stably transfected HeLa cell populations a 
number of cells were negative for keratin 18. Apparently 
this was not due to the presence of the mutant desmin 
subunits, since cells reacting negatively with keratin 
antibodies reacted not always positively with desmin 
antibodies. 
To check whether expression of ΝΔ10 results in 
mutant desmin subunits which interact with keratin, HeLa 
cells expressing this construct as well as HeLa cells 
expressing the intact (pRSVDes) or carboxyterminally 
deleted subunits (CA55) were treated with colcemid. This 
treatment led to the collaps of the desmin/vimentin 
network but did not affect keratin filaments (Fig. 7). In 
cells expressing ΝΔ10 as well as CASS only filamentous 
structures collapsed, whereas the desmin dots were not 
affected (Figs. 7:e,f,g,h). 
Both MCF-7 and HeLa cells stably transfected with 
the different constructs showed no morphological changes 
and displayed normal growth and division. 
E.M. analysis of MCF-7 and HeLa cells expressing 
mutant desmin proteins 
In order to get a deeper insight into the structural 
aspects of the desmin phenotypes observed after 
expression of the various desmin gene constructs, single 
and double immunogold labeling with antibodies against 
desmin, vimentin and keratin was performed followed by 
E.M. analysis. It appeared that in MCF-7 cells stably 
expressing pRSVDes, desmin and keratin networks were 
independent (Fig. 8A). Only occasionally desmin and 
keratin filaments aligned partially. E.M. analysis of 
MCF-7 cells expressing ΝΔ10 revealed the nature of the 
dotted entities. These structures were composed of a 
granular desmin mass in which no filaments could be 
observed (Fig. 8B). Likewise, in cells displaying a 
diffuse staining pattern no filamentous desmin structures 
were seen. Desmin label was found dispersed throughout 
the cytoplasm (not shown). The dots found in MCF-7 
cells expressing the tailless desmin subunit consisted of a 
granular desmin mass. Frequently, less electron-dense 
areas inside the dots were seen, but no filamentous 
desmin structures were present. Mutant desmin subunits 
displayed no interaction with the endogenous keratin 
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Fig. 8. Single label immunogold E.M. assay of MCF-7 
(A.B.C.D) cells stably expressing pRSVDes (Α), ΝΔ10 (В), СД55 
(C.D). Expression of pRSVDes resulted in independent desmin 
and keratin filaments (indicated by thick arrows). Only partial 
alignment of desmin and keratin filaments occurred (indicated 
by thin arrows). In MCF-7 cells expressing ΝΔ10 (B), both 
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filamentous (indicated by small arrows) as well as granular dcsmin 
aggregates (indicated by large arrows) were present. Expression of 
СД55 (C,D) resulted in granular desmin aggregates only (pointed 
out by arrows) which were situated in the dam of the keratin 
network. Note the less electron-dense areas in the desmin 
aggregates (D). 
Single and double immunogold label E.M. assay of HeLa cells 
stably expressing pRSVDes (E.F.G), ΝΔ10 (H.I), and ΟΔ55 
(J,К). Double immunogold labeling of HeLa cells expressing 
pRSVDes with antibodies against desmin (5 nm gold) and 
keratm(10 nm gold) (F) or vimentin (10 nm gold) (E,G) revealed 
that desmin/vimentin and keratin filaments formed independent 
networks (pointed out by thick arrows). Only partially alignment 
of desmin/vimentin and keratin filaments was observed (indicated 
by thin arrows). Colcemid treatment of HeLa cells expressing 
pRSVDes resulted in the collapse of desmin/vimentin filaments 
into large aggregates (inclosed between arrows), which consisted 
of closely packed desmin/vimentin filaments (G). Expression of 
ΝΔ10 resulted in desmin/vimentin filaments (H; small arrows: 
desmin S nm gold, vimentm 10 nm gold) independent from 
keratin structures (H; large straight arrow). Next to 
desmin/vimentin filaments, aggregates were present which 
consisted of closely packed desmin/vimentin filaments (I; straight 
arrow: desmin S nm gold, vimentm 10 nm gold) next to small 
electron-dense patches (I; bended arrows) which at least in part 
seemed to consist out of filamentous structures. Single (J) and 
double (K) labeling of HeLa cells expressing CASS with desmin 
(S nm gold) and vimentm (10 nm gold) showed next to 
desmin/vimentin filaments large aggregates of closely packed 
filaments (J,K). In their interior more densely packed areas were 
visible (bended arrows) and sometimes even granular patches 
which showed no filamentous structures at all (straight arrows). 
The latter resembled those observed in MCF-7 cells expressing the 
same construct (C,D). Intact desmin as well as both ΝΔ10, and 
CASS integrated into the endogenous vimentin network 
(E,G,H,I,K), since large (vimentm) and small (desmin) colloidal 
gold paiticals colocalizcd on certain IF bundels and even on 
idividual filaments. Desmin and keratin filaments showed no 
interaction, since keratin filaments were not significantly labeled 
with desmin antibodies, even if desmin/vimentin labelling was 
excessive. N = nucleus. Bars indicate 0.3 дгп (A, B, D, E, F, G, 
H, I, J, K) and 2 μτη (С). 
network. This could be concluded from the fact that 
keratin filaments were not significantly labeled with 
desmin antibodies (Figs. 8C,D). 
Single and double immunogold labeling of stably 
transfected HeLa cells demonstrated that expression of 
pRSVDes resulted in desmin filamentous structures 
independent of endogenous keratin filaments (Figs. 
8E,F). Double labeling with desmin and vimentm 
antibodies showed that both antibodies labeled the same 
filament bundels and sometimes even the same individual 
filaments (Fig. 8E). Occasionally desmin aggregates were 
observed. E.M. analysis of the latter revealed closely 
packed desmin/vimentin filaments (not shown). The same 
aggregates were observed after treatment of cells 
expressing pRSVDes with colcemid (Fig. 8G). E.M. 
analysis of cells expressing ΝΔ10 showed no interaction 
between desmin/vimentin and keratin filaments, although, 
as observed after expression of pRSVDes, occasionally 
desmin/vimentin and keratin filaments seemed to align 
(Fig. 8H). Next to the filamentous structures, aggregates 
of closely packed desmin/vimentin filaments were present 
which resembled those obtained after colcemid treatment 
of HeLa cells expressing or overexpressing pRSVDes. 
Furthermore small electron-dense desmin granules were 
noticed, which at least in part seemed to consist of 
filamentous structures (Fig. 81). At the E.M. level no 
proof for colocalization of desmin/vimentin and keratin 
dots, as observed at the immunofluorescence, level was 
found. This might be due to the small number of cells 
displaying this phenomenon. Single and double 
immunogold labeling of HeLa cells expressing the tailless 
desmin subunit showed that next to desmin/vimentin 
filaments small and large aggregates were present. Those 
entities, consisted of closely packed filaments which 
displayed in their interior densely packed patches. The 
latter resembled the amorphous structures seen in MCF-
7 cells stably expressing the same construct (Figs. 8J,K). 
Occasionally desmin/vimentin granules consisted of very 
thick short filamentous structures (not shown). In HeLa 
cells keratin filaments were not affected by expression of 
this construct. 
Solubility and stability of transiently and stably expressed 
mutant desmin subunits 
In our previous study we found some indications 
concerning changes in stability and solubility of some 
mutant desmin subunits compared to the wildtype desmin. 
To study the biochemical properties of the mutant desmin 
proteins (for an overview see Tab. II) expressed in MCF-
7 and HeLa cells properly, we used stably and transiently 
transfected MCF-7 and HeLa cells. 
Differential extraction of total cell lysates of stably 
and transiently transfected cells with Triton X-100, and 
0.5% SDS buffer revealed that intact desmin and 
vimentin were found in the Triton-insoluble fractions, 
only minor amounts of these proteins were present in the 
Triton-soluble fraction (Figs. 9a,b:lanes BHK, 9a:lanes 
C, pRSVDes, 9b:lanes pRSVcDes(,8)). Most desmin 
subunits stably expressed in MCF-7 and HeLa cells 
showed no increase in Triton X-100 solubility (Fig. 
9a:lanes pRSVDes, ΝΔ10, ΝΔ13, Cà55). Only desmin 
subunits missing more than 13 residues of their 
aminoterminal domain, and desmin subunits missing both 
nonhelical end domains, showed a strong increase in 
Triton-solubility, both in vimentin-free (not shown) and 
vimentin-containing cells (Fig. 9a: lanes S;NA98, 
NA91CA55). An additional degradation product (indicated 
by *) existed in all extracts of cells stably expressing 
ΝΔ60 and ΝΔ98 (Fig. 9a:lane ΝΔ98). These degradation 
products showed the same solubility properties as the 
aminoterminally deleted desmin subunits and did not stain 
with the monoclonal desmin antibody. Stable expression 
of the more soluble desmin mutants (ΝΔ98 and 
NA91CA55) in HeLa cells caused a proportional increase 
in the amount of vimentin found in the Triton-soluble 
fraction (Fig. 9a:lanes S;NA98, NA91CA55). In MCF-
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Fîg. 9. Solubility of mutant desmin proteins. Triton X-IOO soluble 
and insoluble fractions were prepared from stably transfected cells 
or 48 h after transient transfection. Equivalent proportions of 
7 cell extracts of transiently transfected cells, only desmin 
subunits containing deletions in the carboxyterminal part 
of the rod domain showed a slight increase in Triton-
solubility compared to wild type desmin (Fig. 9b:lanes 
8;СД36, СД50). In HeLa cell extracts this was not the 
case (not shown). All other mutant desmin subunits used 
for transient expression, displayed no increase in Triton 
X-100 solubility (not shown). 
Pulse-chase labeling of stably and transiently 
transfected cells showed that most mutant desmin proteins 
displayed identical turnover rates as wildtype desmin and 
vimentin (not shown). In MCF-7 cells, only stably 
expressed aminoterminally deleted subunits 
containingdelétions of more than 13 residues and the 
head- and tailless desmin subunit showed a slight increase 
in turnover compared to wildtype desmin (Fig. 10a: lanes 
ΝΔ60, ΝΔ145, ΝΔ910Δ55 and 10b). In HeLa cells this 
was not observed (Fig. lOcrlanes ΝΔ98, ΝΔ9^Δ55 and 
lOd). In transiently transfected MCF-7 cells, only desmin 
subunits missing more than 18 residues from the 
carboxyterminal part of the rod domain showed a strong 
increase in turnover compared to wildtype desmin 
subunits, whereas in HeLa cells these subunits were 
degraded far more slowly (Fig. 10e:lanes ΟΔ50 and lOf). 
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Triton X-100 soluble (S) and insoluble (I) fractions were 
immunoblotted. Single (b) or double labeling (b) with polyclonal 
antibodies against desmin (a,b) and vimentin (a) were used to 
quantity the accumulation of mutant and intact desmin and 
vimentin proteins. Extracts from stably transfected HeLa cells 
expressing various mutant desmin genes (indicated as described in 
Tab. II) (panel a). Extracts from transiently transfected MCF-7 
cells expressing the rod deletion constructs (indicated as described 
in Tab. II) (panel b). Extracts from BHK cells were used as 
positive control (lanes BHK). Non-transfected MCF-7 (not shown) 
and HeLa cells were used as negative control (lanes C). 
Discussion 
During the last few years a number of in vitro and 
in vivo studies have been carried out to elucidate the role 
of the different domains of IF subunits in filament 
formation. It appeared that the central rod, especially the 
conserved amino and carboxyterminal parts of it, is of 
major importance in the assembly process [2, 3, 16, 19, 
39, 42, 60, 61, 74, 92, 96]. The rod domain is involved 
in dimer, and higher oligomer formation [1, 86, 88]. 
Next to the central rod, the nonhelical end domains also 
play a role in the assembly process. Fragments of avian 
desmin corresponding to the aminoterminal domain could 
form dimeric structures in vitro [78]. Studies with 
aminoterminally deleted type III IF subunits revealed that, 
in vitro, these subunits cannot form homopolymeric 
filaments on their own, but in the presence of intact 
copolymerizable type III IFs, filamentous structures with 
normal features did arise [48, 72, 80]. In vitro E.M. 
analysis revealed that aminoterminally deleted desmin 
[48], vimentin [80] and GFAP [72] retain the 
conformation of the native proteins and formed dimers 
and tetramers. When expressed in vimentin-containing 
cells, aminoterminally deleted type III and type IV IFs 
still coassembled with endogenous vimentin, thereby 
severely distorting the endogenous network [39, 73]. 
Moreover, desmin subunits missing their aminoterminus 
were incapable of de novo, homopolymeric filament 
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assembly in vivo. Only diffuse desmin staining could be 
observed after immunofluorescence analysis of vimentin-
free cells expressing such mutant subunits [73]. For 
keratins it could not be shown yet whether a heterotypic 
dimer missing both its aminotermini could assemble into 
filamentous structures. However, like type III and type 
IV IF subunits, keratins missing their aminoterminal 
domain coassembled in the presence of intact subunits, 
both in vivo and in vitro, into normal IF structures [3, 
19, 61]. These data demonstrate that the aminotermini (at 
least for type III IFs) are involved in protein stabilization 
(such as dimer and/or tetramer formation), and are 
required for the higher order polymerization of 
protofilaments. The role of the carboxyterminus in 
filament assembly is not fully understood yet. Several 
studies suggested that the carboxyterminal region is not 
involved in the assembly process [2, 3, 5, 19, 41, 48, 
80, 92]. However, in these studies either parts of the 
terminal domain remained, or copolymerizable IF 
subunits were present in the assembly experiments. 
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Fig. 10. Expression and turnover of mutant desmin in stably 
(a,b,c,d) and transiently (e,f) transfected MCF-7 and HcLa cells. 
Lysates of pulse labeled cells were immunoprecipitated with 
polyclonal antibodies against desmin (a,c,e). In each case volumes 
of lysate containing equal amounts of total protein present in the 
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lysate representing the initial time point, were used for each 
subsequent time point. Fluorographic exposure of SDS-gels used 
to resolve the proteins are shown in panels a, c, and e. Mutant 
proteins are pointed out by arrowheads in each lane representing 
the initial time point. MCF-7 and HeLa cells expressing 
pRSVDes, or pRSVcDes'* were used as positive controls (a;lancs 
MCF-7:pRSVDes, c;lanes HeLa:pRSVDes, ejlanes MCF-
7:pRSVcDes<*. Position of wildtype desmin and vimentin subunits 
are indicated by co-precipitated desmin and vimentin subunits with 
polyclonal desmin (lanes BHK) or polyclonal vimentin (lanes 
BHK*) antibodies. Immunoprecipitation of non-transfected MCF-
7 and HeLa lysates were used as negative control (lanes C). 
Incubation times in non-radioactive medium were: panel a (MCF-
7):pRSVDes (lanes 1-5) 0.5, 13.5, 21, 29, and 65.5 h, ΝΔ60 
(lanes 12-16) 0.5, 5, 21, 29, and 65.5 h, ΝΔ145 (lanes 6-11) 0.5, 
5, 13.5, 21, 29, and 65.5 h, ΟΔ55 (lanes 17-21) 0.5, 5, 13.5, 29, 
and 65.5 h, ΝΔ9ΐαΔ55 (lanes 22-26) 0.5, 5, 21, 29, and 65.5 h, 
panel с (HeLa):pRSVDes (17-21) 0.5, 9, 26.5, 32.5, and 65.5 h, 
ΝΔ98 (lanes 1-5) 0.5, 9, 18.5, 32.5, and 65.5 h, αΔ55 (lanes 6-
11) 0.5, 9, 18.5, 26.5, 32.5, and 65.5 h, ΝΔ980Δ55 (12-16) 0.5, 
9, 18.5, 32.5, and 65.5 h, panel erpRSVcDes'* (MCF-7) (lanes 
6-9) 2, 4, 8, and 24 h, CA32c<*, CΔ50c(* (HeLa), and CΔ32c<i^ 
CΔ50c,* (MCF-7), (lanes 1-5) 0.5, 1, 4, 8, and 24 h. Values of 
densitometric scans of the appropriate areas of exposed films are 
shown in panels b,d,f in arbitrary units (A multiplied with 
distance in millimeters). 
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Furthermore, in the studies of Hatzfeld and Weber, 
1990b [41], Kaufmann et al., 1985 [48], and Shoeman et 
al., 1990 [80], under normal in vitro polymerization 
conditions, tailless IF subunits formed rather short 
filaments which showed an increased tendency to 
aggregate laterally. Only recently further evidence was 
provided for the involvement of the carboxyterminus in 
filament formation. In previous studies [39, 74, 96] in 
vivo coexpression of tail-truncated neurofilament or 
desmin subunits, with intact neurofilaments and vimentin 
IFs, resulted in distortions in endogenous filament 
structures. By using a synthetic peptide comprising the in 
type III IFs conserved region KTIETRDGE of the tail 
domain in in vitro assembly studies, Birkenberger and Ip, 
1990 [8], found further indications for the involvement of 
this region in lateral association of type III IFs. In 
previous studies [61, 74], in which different tail-truncated 
keratin subunits were coexpressed in keratin-free cells, 
and tail-truncated desmin subunits were expressed in 
vimentin-free cells, only short kinked filamentous 
structures were observed, implicating that the tail domain 
is involved in filament elongation. By using GFAP or 
desmin subunits missing their complete tail domain for in 
vitro [72] and in vivo [74] assembly studies it could be 
shown that these mutant type III IF subunits were 
incapable of homopolymeric filament assembly. E.M. 
analysis of structures formed after in vitro assembly of 
tailless GFAP, showed that dimeric and tetrameric GFAP 
molecules were formed which displayed the same 
conformation as the native protein [72]. So it seems most 
likely that the tail domain (at least some part of it) is 
involved in the stabilization, lateral association and 
elongation of IFs. 
Amino acid substitutions in both the aminoterminal 
domain and the carboxyterminal part of the rod domain 
render desmin subunits incapable of normal filament 
formation 
In our previous studies we defined specific regions 
of the desmin subunit important for in vivo 
homopolymeric desmin filament assembly. Deletions in 
the conserved nonapeptide SSYRRXFGG, in vimentin 
and desmin (X being isoleucine or methionine in vimentin 
and threonine in desmin), present closely behind the 
initiation methionine (position 1), rendered desmin 
subunits incapable of in vivo homopolymeric assembly 
[73]. To map specific residues important for desmin 
filament formation, we introduced amino acid 
substitutions in the aminoterminal region comprising the 
conserved nonapeptide. 
Deletion of amino acid residues 2 and 3, as well as 
substitution of residues 10 (Arg -• Leu), and 13 (Ser -* 
Ala) had no effect on the homopolymeric assembly in 
vimentin-free cells. In contrast, substitution of the 
charged residues IS and 16 (ArgArg -» LeuLeu), which 
are situated in the middle of the conserved nonapeptide, 
by noncharged leucine residues resulted in a nearly 
complete loss of homopolymeric filament forming 
potential. In vimentin-containing cells, these mutant 
desmin subunits integrated into preexisting vimentin 
networks without disturbing them. This observation is in 
agreement with previous suggestions that the conserved 
nonapeptide (especially the charged arginine residues 
[91]) is involved in the early assembly processes but is 
not required for the integration into preexisting networks 
[73]. 
We extended our previous investigation in which we 
demonstrated that desmin subunits containing deletions 
and even single amino acid substitutions in the 
carboxyterminal part of the rod domain completely lost 
their filament forming capacity [74], by generating 
several new amino acid substitutions in this region. 
Expression of these mutant desmins revealed that 
substitutions of residues in the heptad positions A, B, E, 
and G resulted in the loss of homopolymeric filament 
formation and, when expressed in vimentin-containing 
cells, severely distorted endogenous vimentin networks. 
These observations are in agreement with previous studies 
on lamin A where it was shown that substitutions of 
lamin residues in heptad positions involved in internal 
dimerization, were more sensitive to changes than those 
required for higher order interactions with the surfaces of 
other dimers [42]. Above findings as well as our 
observations suggest that the correct alignment of the a-
helical chains in the dimer is of major importance for the 
formation of higher order structures. Moreover, both in 
the study of Heald and McKeon, 1990 [42], and in our 
experiments several substitutions of residues at positions 
involved in higher order formation (heptad positions 
B,C,F in the conserved carboxyterminal part of the rod) 
yielded assembly-negative mutants. Therefore, next to its 
role in dimer formation, the carboxyterminal part of the 
rod domain also seems to play a role in the formation of 
higher order structures. Remarkably desmin aggregates 
(dotted structures) accumulated at the plasma membrane 
after expression of desmin subunits containing 
substitutions of charged residues (residues 400, 409, and 
414, at heptad positions G,B,G). Whether this is an 
artefact introduced by the change of charge, or whether 
this demonstrates that the aminotermini, interact with 
specific sites at the plasma membrane as suggested 
previously [12, 35, 37, 38, 57], has to be further 
investigated. 
Desmin subunits containing deletions in the aminoterminal 
domain or the carboxyterminal part of the rod cause 
dominant alterations in endogenous vimentin networks 
Immunofluorescence of transiently transfected cells at 
different time intervals after transfection demonstrated 
that desmin expression decreased between 53 and 173 h. 
To ensure that mutant desmin phenotypes, observed in 
vimentin-free cells transiently transfected with the 
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different desmin constructs described in this and previous 
studies [73, 74], were not caused by temporary 
overexpression, cells were analyzed at different time 
intervals after transfection. This revealed that mutant 
desmin phenotypes did not change during the entire time 
course, indicating that they were not caused by 
overexpression of the various mutant subunits. 
To verify whether mutant desmin subunits 
introduced dominant or recessive alterations in 
endogenous vimentin networks, transiently transfected 
vimentin-containing cells were analyzed by 
immunofluorescence microscopy at different times after 
transfection. Except for NA2c, ΝΔ10 and ΝΔ13, all 
aminoterminally deleted constructs introduced dominant 
alterations in the endogenous vimentin network. In 
contrast, aminoterminally deleted keratin subunits 
coassembled with intact keratin into filaments both in 
vivo and in vitro [19, 61], indicating that the function of 
the aminoterminal domains differ for type III and keratin 
IFs. Deletions or substitutions in the C-tenninal part of 
the desmin rod caused dominant alterations in the 
endogenous vimentin network too. In contrast to previous 
reports [3, 39, 96], cells expressing these mutant desmin 
subunits showed no recovery of filamentous structures 
late after transfection. The effects on endogenous 
vimentin, caused by substitutions of charged residues in 
the conserved carboxytenninal part of the rod domain, 
seemed less dominant compared to those caused by 
deletions in this area. In cells expressing the substitution 
constructs, the amount of filamentous structures increased 
at the end of the time course. The most dominant effects 
on endogenous vimentin structures were noticed in cells 
expressing the head- and tailless desmin subunit, since no 
filaments were observed during the entire time course. 
Expression of tail-deleted subunits or ΝΔ10 and ΝΔ13, 
caused recessive changes in endogenous vimentin 
networks shortly after transfection, however at prolonged 
times after transfection intact filaments were seen almost 
exclusively. 
Structural aspects of mutant desmin phenotypes in stably 
transfected cells 
Inherent to transient transfection studies is the 
relative low number of cells expressing mutant protein. 
To enable E.M. analysis of the different desmin 
phenotypes and performance of biochemical studies on 
the mutant desmin subunits expressed in vivo, cells were 
stably transfected with the different desmin gene 
constructs. This yielded cell populations in which 10 to 
80% of the cells expressed mutant desmin. 
Immunofluorescense showed identical desmin phenotypes 
as observed in cells transiently expressing the mutant 
proteins. This confirmed our observations concerning the 
dominance of mutations introduced into the desmin 
subunits. Stably transfected vimentin-free and vimentin-
containing cells did not show morphological changes and 
displayed normal growth and division, even if 
endogenous vimentin filaments were completely 
disturbed. Essentially the same observation was made by 
Wong and Cleveland, 1990 [96]. Moreover, disturbed 
endogenous vimentin networks did not affect the initial 
stages of embryogenesis of X. Laevis [16]. 
Single and double immunogold labeling followed by 
E.M. analysis of stably transfected cells revealed that 
expression of intact desmin subunits in both vimentin-
free and vimentin-containing cells resulted in normal 
filaments independent of keratin IFs. In vimentin-
containing cells, intact and mutant desmin subunits 
missing residues 4 to 13 and subunits devoid of the 
complete carboxytenninal domain, integrated into 
endogenous vimentin networks. E.M. analysis of the 
filamentous and dotted desmin staining pattern after 
expression of ΝΔ10 demonstrated that in vimentin-free 
cells the desmin/vimentin dots consisted of a granular 
mass which contained no filamentous structures, in 
contrast to the dotted desmin aggregates in vimentin-
containing cells. Expression of the tailless desmin subunit 
in vimentin-free cells resulted only in granular desmin 
aggregates which showed no interaction with the 
endogenous keratin network. Remarkably, in the interior 
of these desmin aggregates less electron-dense areas were 
present. No explanation for this phenomenon can be 
given yet. Expression of the tailless construct in 
vimentin-containing cells resulted in a mixture of 
filamentous and aggregated desmin/vimentin structures. 
E.M. analysis of these aggregates showed that they 
consisted of a mixture of closely packed desmin/vimentin 
filaments, next to even more densely packed patches and 
granular desmin/vimentin aggregates. The latter 
resembled those observed in vimentin-free cells 
expressing the tailless desmin protein. These observations 
demonstrate that tailless desmin can integrate into 
vimentin networks and, probably depending on the 
amount of mutant which is locally present, caused the 
collapse of desmin/vimentin filaments into closely packed 
filamentous structures or even the aggregation of desmin 
and vimentin into granular patches which showed no 
filamentous structures at all. 
In previous studies, expression of desmin subunits 
missing amino acid residue 4 to 13 seemed to affect 
endogenous keratin networks in vimentin-containing cells 
[73]. However, colcemid treatment of cells expressing 
this construct and of cells stably expressing intact and 
tailless desmin subunits did not result in the simultaneous 
collapse of desmin/vimentin and keratin networks, 
suggesting that these networks do not interact 
significantly. Unexpectedly the dotlike desmin aggregates 
observed after expression of ΝΔ10 and CA55 were not 
affected by colcemid treatment, only the desmin/vimentin 
filaments collapsed. E.M. analysis of the resulting 
aggregates showed closely packed filaments, which 
resembled those observed in cells overexpressing intact 
desmin subunits. 
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Detergent solubility and stability of transiently and stably 
expressed desmin subunits 
For type III IFs it was demonstrated that, in vivo, 
they assemble from a soluble tetrameric form into 
filaments [9, 81]. In vitro assembly experiments with 
aminoterminally deleted desmin revealed that these 
truncated subunits remained in the soluble fraction [48]. 
Potschka et al., 1990 [68], demonstrated that the 
truncated subunits were present in dilute buffers as a 
mixture of dimers and tetramere. Furthermore, it was 
demonstrated that removal of the aminoterminal domain 
of vimentin resulted in exclusion of these aminoterminally 
deleted subunits from preexisting filaments [80]. These 
observations imply that desmin subunits capable of 
polymerization into higher order structures remain in the 
insoluble cytoskeleton fraction, whereas polymerization-
incompetent subunits will be present in the soluble 
fraction. In vivo, both in the presence and absence of 
endogenous vimentin, only subunits missing more than 13 
residues from their aminoterminal domain were soluble in 
Triton X-100 buffer, indicating that these subunits could 
not polymerize into higher order structures. Since 
proportional amounts of intact vimentin subunits were 
detected in these soluble fractions, hetero-tetramers or 
hetero-dimers of intact and aminoterminally truncated 
type III IFs were present. In contrast, deletion of only 13 
aminoterminal residues rendered these subunits 
incompetent for homopolymeric filament assembly. 
However, since these subunits were only found in the 
insoluble fraction we have to conclude that they could 
form at least some immature insoluble polymeric 
structures. Although to a lesser extend compared to 
aminoterminally deleted subunits, desmin subunits with 
deletions in the C-terminal part of the rod domain were 
also detected in the soluble fraction of MCF-7 cells. This 
sustains previous suggestions that this region is involved 
in dimer and higher oligomer formation. Surprisingly 
when expressed in vimentin-containing cells these 
subunits remained in the cytoskeleton fraction, 
demonstrating that these mutants could interact with 
vimentin to form immature hetero poly mers. The same 
observation was made after coexpression of rod-truncated 
NF-L subunits and vimentin [39]. Furthermore, for 
keratins it was shown that subunits containing deletions in 
the N- or C-terminal part of the rod still could form 
tetrameric structures when mixed with wildtype subunits 
in vitro [19]. All other mutant desmin subunits were 
found in the cytoskeletal fraction exclusively suggesting 
that they could form insoluble polymeric structures. 
The "minimal" stable particle for IF proteins appears 
to be a tetramer [32, 34, 47, 70, 71]. For keratins it was 
shown that, in the absence of complementary-type 
keratin, single keratins fail to polymerize and are rapidly 
degraded [23, 51, 54, 55]. It is not known whether or not 
the mono- or dimeric forms of type III IFs are as 
unstable as the keratins. However, the structural 
conservation between intermediate filament proteins, as 
well as other examples in which unassociated subunits are 
unstable in vivo and become degraded [63], suggests that 
the principles governing subunit stability will not differ 
significantly between different types of IFs. We analyzed 
the stability of mutant subunits in vivo to get an 
indication whether mutant desmin subunits could form 
stable ("tetrameric") hetero- or homo-typic structures in 
vimentin-free and vimentin-containing cells. In vimentin-
free cells subunits missing the aminoterminal domain 
showed a slight increase in turnover, compared to 
wildtype desmin. Since in vitro such subunits displayed a 
decrease in tetramer forming capacity [68], it seems 
plausible that this is caused by the presence of unstable 
monomeric or dimeric desmin subunits. Degradation of 
mutant desmin subunits containing aminoterminally 
deletions was prevented by the presence of intact 
vimentin, indicating that, as observed previously in vitro 
[48], the mutant desmin subunits were capable of forming 
heterotypic tetramere or higher oligomeric structures in 
vivo. The suggestion that monomeric desmin is unstable 
in vivo was sustained by the observation that desmin 
subunits containing deletions in the conserved part of the 
rod, which is of major importance in dimer formation, 
were rapidly degraded in vimentin-free cells. The rapid 
degradation of desmin subunits containing deletions in the 
carboxyterminal part of the rod was strongly inhibited by 
the presence of intact vimentin. However, even in the 
presence of vimentin, these subunits still showed an 
increased turnover compared to wildtype desmin. This 
was also observed in X. Laevis embryos after expression 
of a vimentin subunit which contained deletions in the C-
terminal part of the rod [16]. Together with the partially 
independent desmin and vimentin staining patterns 
observed in vimentin-containing cells expressing these 
constructs, this indicates a decrease in interaction capacity 
of the mutant desmin with vimentin. Since no significant 
difference in the turnover rate of all other mutant desmin 
subunits and wildtype desmin could be observed, it is 
likely that they retained the ability to form stable 
("tetrameric") complexes. 
Albeit, the biochemical studies gave strong indications 
whether mutant desmin could form dimeric, tetrameric or 
higher order structures, future in vitro assembly studies 
followed by electron microscopic analysis of the resulting 
desmin structures, are necessary to clarify this matter. 
Conclusions 
The use of electron microscopic analysis of cells 
expressing mutant desmin in the absence of 
copolymerizable IFs, demonstrated that subunits missing 
the aminoterminal or carboxyterminal domain were 
incapable of forming filamentous structures in vivo. 
Amino acid substitutions in the conserved nonapeptide 
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present in the amino terminus of desmin and vimentm 
rendered desmin subunits incapable of correct 
homopolymeric filament assembly, but did not affect 
coassembly of mutant desmin and intact vimentm 
subunits. Substitutions in the conserved C-terminal part of 
the rod demonstrated that this region is of major 
importance for dimer and higher oligomer formation. In 
vivo, desmin subunits missing this region cannot form 
stable complexes on their own. Deletion of the 
aminoterminal domain or the conserved carboxyterminal 
part of the rod domain caused dominant disturbances in 
endogenous vimentm networks. The latter observation 
opens new possibilities to test the function of desmin in 
vivo. The expression of one of the dominant, assembly 
disrupting mutant desmin genes in transgenic mice might 
shed some light on the functional aspects of desmin in 
vivo. 
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SUMMARY 
One of the three fibrillar networks of the 
cytoskeleton in eucaryotic cells is formed by intermediate 
filaments (IFs). Over the past few years a large number 
of IF genes and cDNAs encoding different IF proteins 
have been analyzed. This led to the understanding of 
gene sequence and structure. These data showed that IF 
genes are closely related and probably arose from a 
common ancestral gene. Based on the sequence analysis 
IFs are divided into six different classes which in the 
adult organ are expressed in a tissue-specific manner. 
Furthermore, the amino acid sequence of various IF 
proteins could be derived from these DNA sequences. 
Analyses of the IF protein sequences revealed that all IF 
protein subunits share the same basic structure, namely an 
α-helical rod domain of conserved size, secondary 
structure and sequence, interrupted in the cytoplasmic IFs 
by short non-helical linkers. The amino acid residues in 
the α-helical regions follow the heptad rule. This rule 
implies that hydrophobic residues are present at positions 
a and d. Furthermore, it appeared that both ends of the 
rod domain are highly conserved. The central rod domain 
is flanked by non-helical end domains of variable size, 
sequence and chemical characteristics. Sequence analysis 
of the end domains showed that they can be subdivided 
into three subdomains, namely high homologous regions, 
variable regions (only in type I, II, and IV IFs), and 
highly charged basic termini. Compared to the rod 
domain little is known about the secondary and higher 
order structure of the end domains, nor is it clear what 
role they play in the IF assembly process. A large 
numbers of studies tried to elucidate the assembly 
mechanism of IFs into filamentous networks. Although 
progress has been made in unraveling this mechanism it 
is not completely understood yet. However, the highly 
conserved homologous IF gene structure, protein 
sequence, and cell type-specific expression patterns of IFs 
suggests that they must perform important functions, 
either at the level of the cell, tissue, organs or the total 
organism. 
In this thesis we describe a molecular biologic 
approach to elucidate the role of IF domains in filament 
assembly, and to gain more insight in the IF assembly 
process in general. 
In the first chapter we give an overview of the 
present knowledge of the assembly mechanism of IFs, and 
more specificly of the role of the different domains of IF 
subunits in this process. At the end of this chapter a short 
impression of the current ideas concerning IF function is 
presented. 
In the second chapter several experiments are 
described in which we explored where desmin filament 
formation starts within the living cell, and what role the 
aminoterminal domain of desmin plays in filament 
assembly. By transient transfection into vimentin-free cells 
of the hamster desmin gene under control of the RSV 
promoter we demonstrate that de novo desmin filament 
formation starts in vivo at various sites dispersed 
throughout the cytoplasmic area. Expression of the 
hamster desmin gene in cells containing an endogenous 
vimentin network, results in the integration of newly 
expressed desmin subunits throughout the entire 
preexisting vimentin network. These results demonstrate 
that in both cell types used no interaction with the nucleus 
is required for either de novo homopolymenc desmin 
assembly or for the incorporation of newly formed desmin 
subunits into preexisting type III IF networks. 
Furthermore these experiments demonstrate that no cell-
type-specific factors are required for desmin assembly in 
cells normally not expressing this type of IF. Since the 
aminoterminal domain of type III IFs seems to be 
important in regulating filament rearrangements, we 
decided to study at first the role of this domain in 
filament assembly. By introducing deletions in the hamster 
desmin gene in the region encoding the aminoterminal 
domain, and subsequent transient expression of these 
mutant genes under control of the RSV promoter (both in 
vimentin-free and vimentin-containing cells) we 
demonstrate that the aminoterminal domain of desmin is 
required for the novo IF assembly in vimentin-free cells. 
In contrast, expression of these subunits in vimentin-
containing cells demonstrates that this domain is not 
absolutely necessary for coassembly of desmin and 
endogenous vimentin subunits, although it seems to be 
involved in the stabilization of the resulting 
heteropolymeric filaments. A conserved nonapeptide 
present in vimentin and desmin subunits closely behind 
the initiation methionine appears to be an area of major 
importance for correct filament assembly. The presence 
of copolymerizable vimentin subunits in vimentin-
containing cells largely masks the effects caused by 
deletions in the desmin subunits on filament assembly. 
The latter observation demonstrates clearly that the effects 
of mutations in IF subunits on de novo filament assembly 
can only be studied properly in the absence of 
copolymerizable IF subunits. 
In the third chapter experiments are dealt with which 
were performed to clarify the role of the carboxyterminal 
part of the desmin rod domain, as well the non-helical tail 
domain in in vivo filament formation. Transient 
expression of mutant genes and cDNAs, containing 
deletions and basepair substitutions in the sequences 
encoding these protein domains, were performed both in 
vimentin-free and vimentin containing cells. These 
experiments allowed the conclusion that the 
carboxyterminal part of the rod domain is involved in 
formation and stabilization of the dimer and thus of major 
importance in both de novo homopolymeric filament 
assembly, and coassembly of desmin and vimentin IFs. In 
vivo the tail domain appears necessary for de novo 
homopolymeric filament assembly. The proximal part of 
the tail domain is probably involved in binding to the 
nuclear envelope, whereas the distal part is involved in 
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the lateral aggregation, and elongation of IFs. The latter 
region contains a conserved amino acid sequence which 
might be essential in these processes. In contrast, the 
complete tail domain is not required for the integration of 
desmin subunits into preexisting vimentin networks. 
Finally, by using the various mutant desmin subunits in 
Western blotting assays, we concluded that the epitope of 
the monoclonal antibody RD310 against desmin must be 
situated (at least in part) between amino acid residues 337 
and 447. 
In the fourth chapter transfections studies with 
desmin cDNAs containing base pair substitutions in 
regions encoding the conserved protein domains present 
at the carboxyterminal part of the rod domain as well as 
in the non-helical aminoterminal domain are described. 
These studies were performed to "finemap" residues 
important in filament assembly. Furthermore, the 
generation of vimentin-free and vimentin-containing cells 
stably expressing the various mutant desmin subunits is 
presented. Electronmicroscopic (E.M.) and biochemical 
analysis of these cells was performed to get a better 
insight into the biochemical and structural properties of 
the various mutant desmin subunits and in vivo structures 
formed thereof. The E.M. analysis revealed that desmin 
subunits missing either one of the non-helical domains are 
incapable of forming homopolymeric filamentous 
structures in cells devoid of copolymerizable IF subunits. 
From the biochemical analysis and the transfection studies 
described in this and previous chapters, it can be 
concluded that the aminoterminal domain of type III IFs 
is involved in protein stabilization (formation and/or 
stabilization of dimeric or tetrameric structures), and is 
required for higher order polymerization of 
protofilaments. The rod domain plays a major role in the 
formation and stabilization of the dimer. It also is 
involved in the higher order assembly process. The tail 
domain is required for higher order polymerization. 
Whereas the distal part of this domain is essential for 
stabilization, lateral association and elongation of IFs, the 
proximal part may be involved in the IF-nuclear envelope 
interactions. 
The capacity of several mutant desmin subunits to 
introduce dominant disturbances in pre-existing type III 
IF networks described in this thesis provides new 
possibilities to investigate the functional aspects of IFs in 
vivo. Expression of one of the dominant assembly 
disrupting desmin mutants in muscle tissue of transgenic 
mice might shed some light on the functional aspects of 
desmin in vivo. 
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SAMENVATTING 
Eén van de drie filamenteuze netwerken van het 
cytoskelet in eukaryote cellen wordt gevormd door inter-
mediaire filamenten (IFs). Gedurende de laatste jaren zijn 
een groot aantal genen en cDNA's die coderen voor 
verschillende IFs geanalyseerd. Dit leidde tot een beter 
inzicht in de gensequentie en -structuur. Deze sequentie-
gegevens lieten zien dat IF-genen nauw verwant zijn, en 
waarschijnlijk zijn ontstaan uit één gemeenschappelijk 
voorouder-gen. Aan de hand van de sequentie-gegevens 
kunnen de IFs worden onderverdeeld in zes verschillende 
klassen welke, in het volwassen orgaan, weefsel-specifiek 
tot expressie komen. Bovendien kan de aminozuur-
volgorde van diverse IF-eiwitten worden afgeleid van de 
DNA-sequenties van IF-genen en cDNA's. Analyses van 
de IF-eiwitsequenties lieten zien dat alle IF-eiwitten 
dezelfde basisstructuur bezitten, namelijk een helix-
domein (rod) van geconserveerde grootte, secundaire 
structuur en sequentie. Dit rod-domein wordt, in de 
cytoplasmatische IFs, onderbroken door korte niet-helicale 
linkers. De aminozuur-residuen in de a-helicale regio's 
volgen de heptaderegel. Deze impliceert dat hydrofobe 
residuen aanwezig zijn op a- en d-posities. Bovendien 
bleek dat beide uiteinden van het rod-domein sterk 
geconserveerd zijn. Het centrale rod-domein wordt 
geflankeerd door niet-helicale eind-domeinen van variabele 
lengte, sequentie en chemische eigenschappen. Sequentie-
analyse van de eind-domeinen liet zien dat deze kunnen 
worden onderverdeeld in drie subdomeinen, namelijk sterk 
homologe regio's, variabele regio's (alleen in type II, III 
en IV IFs) en sterk geladen basische eind-regio's. In 
vergelijking tot het rod-domein is er weinig bekend over 
de secundaire en hogere orde-structuur van de eind-
domeinen, noch is het duidelijk welke rol ze spelen tijdens 
het assemblage-proces. In een groot aantal studies werd 
getracht het assemblage-mechanisme van IFs in 
filamenteuze structuren op te helderen. Ofschoon er wel 
enige vorderingen zijn gemaakt, is nog niet volledig 
duidelijk hoe dit proces exact verloopt. De sterke 
conservering van IF-genstructuur, eiwitsequentie en de 
weefsel-specifieke expressiepatronen van IFs, suggereren 
dat deze eiwtten een belangrijke functie moeten hebben op 
het niveau van óf de cel óf het weefsel, of zelfs op het 
niveau van een heel organisme. 
In dit proefschrift wordt een moleculair-biologische 
benadering beschreven waarmee werd getracht de rol van 
de IF-domeinen in het assemblage-proces van IFs op te 
helderen, en een beter inzicht te verkrijgen in het 
assemblage-proces van IFs in het algemeen. 
In het eerste hoofdstuk wordt een overzicht gegeven 
van de tegenwoordige kennis van het assemblage-
mechanisme van IFs, in het bijzonder van de rol van de 
verschillende IF-domeinen in dit proces. Aan het eind van 
dit hoofdstuk wordt in het kort een impressie gegeven van 
de tegenwoordige ideeën betreffende mogelijke functies 
van IFs. 
In het tweede hoofdstuk worden diverse experimenten 
beschreven waarmee werd onderzocht waar desmine-
filamentvonning in de levende cel begint, en welke rol het 
amino-terminale domein van desmine speelt in de 
filamentvorming. Door middel van transiente transfectie 
van het hamster desmine-gen onder controle van de RSV-
promoter in vimentine-vrije cellen wordt aangetoond dat 
in vivo, de novo desmine-filamentvorming begint op 
diverse plaatsen verspreid door het cytoplasma. Expressie 
van het hamster desmine-gen in cellen die een endogeen 
vimentine-netwerk bevatten resulteert in de integratie van 
de nieuwgevormde desmine-subunits overal in het bestaan-
de vimentine-netwerk. Deze experimenten laten zien dat 
in beide celtypes die werden gebruikt geen interactie met 
de celkern noodzakelijk is voor zowel de novo homo-
polymere desmine-assemblage als voor de integratie van 
nieuwgevormde desmine-subunits in reeds bestaande type 
III IF-netwerken. Bovendien tonen deze experimenten aan 
dat er geen celtype-specifieke factoren noodzakelijk zijn 
voor de assemblage van desmine in cellen die normaliter 
dit type IF niet tot expressie brengen. Aangezien het 
aminoterminale domein van belang is bij de regulatie van 
filament-rangschikking en herordering, besloten we eerst 
de rol van dit domein in de filament-assemblage te 
bestuderen. Door het introduceren van deleties in het 
hamster desmine-gen in de regio die codeert voor het 
aminoterminale domein, en vervolgens transiente expressie 
van deze mutante genen onder controle van de RSV-
promoter (in zowel vimentineloze als vimentine bevattende 
cellen) laten we zien dat het aminoterminale domein van 
desmine noodzakelijk is voor de novo IF-assemblage in 
vimentineloze cellen. Echter, expressie in vimentine 
bevattende cellen laat zien dat dit domein niet 
noodzakelijk is voor coassemblage van desmine en 
endogene vimentine-subunits, ofschoon dit domein wel 
betrokkens schijnt te zijn bij de stabilisatie van de 
resulterende heteropolymere filamenten. Een 
geconserveerd nonapeptide, dat zowel in desmine als in 
vimentine aanwezig is vlak achter het initiatie-methionine, 
blijkt een erg belangrijk gebied te zijn voor correcte 
filament-assemblage. De aanwezigheid van copolymeri-
seerbare vimentine-subunits in vimentine bevattende cellen 
blijkt de effecten veroorzaakt door deleties in de desmine-
subunits grotendeels te maskeren. Deze laatste waar-
neming maakt duidelijk dat de effecten van mutaties in IF-
subunits op de novo filament-assemblage alleen goed 
kunnen worden bestudeerd in de afwezigheid van copoly-
meriseerbare IF-subunits. 
In het derde hoofdstuk worden experimenten behan-
deld die werden uitgevoerd om de rol van het carboxy-
terminale deel van het rod-domein, en het niet-helicale 
staart-domein in in vivo filament-assemblage op te 
helderen. Mutante desmine-genen en cDNA's, die dele-
ties en basepaar-substituties bevatten in de regio's 
coderend voor bovengenoemde eiwit-domeinen, werden 
transient tot expressie gebracht in zowel vimentineloze 
als vimentine bevattende cellen. Deze experimenten 
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leidden tot de conclusie dat het carboxyterminale deel van 
het rod-domein betrokken is bij de vorming en stabilisatie 
van het dimeer, en dus van groot belang is voor zowel de 
novo homopolymere filament-assemblage, als voor de 
coassemblage van desinine- en vimentine-IFs. Het staart-
domein blijkt nodig voor in vivo, de novo homopolymere 
filament-assemblage. Het proximale deel van het staart-
domein is waarschijnlijk betrokken bij de binding met de 
kern-envelop. Het distale deel is betrokken bij de laterale 
aggregatie en elongatie van IFs. Deze laatste regio bevat 
een geconserveerde aminozuursequentie die mogelijkerwijs 
van essentieel belang is voor deze processen. Anderzijds 
is het volledige staart-domein niet noodzakelijk voor de 
integratie van desmine-subunits in al bestaande vimentine-
netwerken. Door gebruik te maken van de diverse 
mutante desmine-subunits in Western blotting assay's 
konden we concluderen dat de epitoop van het mono-
klonale desmine-antilichaam RD301 moet liggen (op zijn 
minst gedeeltelijk) tussen de residuen 337 en 447 van het 
hamster-desmine. 
In het vierde hoofdstuk worden transfectie-studies 
beschreven met desmine cDNAs die basepaar-substituties 
bevatten in gebieden die coderen voor de geconserveerde 
eiwit-regio's in het carboxyterminale einde van het rod-
domein en in het niet-helicale aminotenninale domein. 
Deze studies werden uitgevoerd om aminozuur-residuen 
die belangrijk zijn in de filament-assemblage te 
localiseren. Bovendien wordt beschreven hoe 
vimentineloze en vimentine bevattende cellen die stabiel 
de diverse mutante desmine-subunits tot expressie brengen 
werden verkregen. Electronenmicroscopische (E.M.) en 
biochemische analyses van deze cellen werden uitgevoerd 
om een beter inzicht in de biochemische en structurele 
eigenschappen van de diverse mutante desmine-subunits en 
de in vivo daaruit gevormde structuren. Uit de E.M.-
analyses bleek dat desmine-subunits die één van beide 
niet-helicale eind-domeinen missen niet in staat zijn 
homopolymere filamentstructuren te vormen in cellen die 
géén copolymeriseerbare IF-subunits bezitten. Uit de 
biochemische analyses en uit de transfectie-studies 
beschreven in dit en in de vorige hoofdstukken, kan 
worden geconcludeerd dat het aminotenninale domein van 
type III IFs betrokken is bij de eiwitstabilisatie (vorming 
en/of stabilisatie van dimere en tetramere structuren), en 
bovendien noodzakelijk is voor de hogere orde polymeri-
satie van protofilamenten. Het rod-domein speelt een 
belangrijke rol bij de vorming en stabilisatie van het 
dimeer. Het is ook betrokken bij het hogere orde assem-
blageproces. Ook het staart-domein is noodzakelijk voor 
het hogere orde assemblageproces. Het distale deel van de 
staart is noodzakelijk voor de stabilisatie, laterale 
associatie, en elongatie van IFs. Het proximale deel van 
de staart is mogelijkerwijs betrokken bij de binding van 
IFs aan de kern-envelop. 
De in dit proefschrift beschreven capaciteit van 
diverse mutante desmine-subunits om dominante versto-
ringen in al bestaande IF-netwerken teweeg te brengen, 
biedt nieuwe mogelijkheden om de functionele aspecten 
van IF in vivo te onderzoeken. Expressie van een van 
deze, dominant de assemblage-verstorende, desmine-
subunits in spiersweefsel van transgene muizen, weipt 
misschien enig licht op de functionele aspecten van 
desinine in vivo. 
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proefschrift werden gehouden tijdens: de EMBO-cursus "Micro-injection and Electroporation of 
Tissue Culture Cells" (mei 1987, EMBL, Heidelberg, Duitsland), tijdens de "Sixth Meeting of the 
European Cytoskeleton Club" (FEBS, advanced lecture course) betreffende "Organization and 
Dynamics of the Cytoskeleton" in juni 1990 (Fugls0, Denemarken), en op uitnodiging van Dr. S. 
Georgatos op het EMBL te Heidelberg, in januari 1991. 
Vanaf October 1991 is hij werkzaam binnen de afdeling Zoölogie van de Universiteit van 
Cambridge (Engeland). 
Dit proefschrift werd mede mogelyk gemaakt door 
de beheerders van 
STICHTING DE LIMPENS 
afd. Jabeek 


